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CHAPTER 1
INTRODUCTION
1.1 The ecological role of bacterioplankton in the world's oceans
Over the past two decades, the role heterotrophic bacteria play in
marine food webs and oceanic biogeochemical cycles has received
considerable attention (e.g. see Azam and Cho 1987, Sherr and Sherr 1988,
Fuhrman et al. 1989). In addition to their significant role as planktonic
primary producers, bacteria in the water column appear to be the vehicle by
which dissolved organic matter (DOM) is reconverted into a particulate form,
allowing for the potential re-entry of DOM into the marine food web (Pomeroy
1974, Carlson et al. 1994). Recognition of this "microbial loop" in the marine
food web has made it clear that bacterial turnover and metabolic activity are
critical and often dominant processes intricately involved in global carbon and
nitrogen budgets, as well as the production and consumption of greenhouse
gasses (Azam et al. 1983, Duck low et al. 1986, Williamson and Holligan 1990).
Estimates of bacterial turnover and metabolic rates indicate that a large
fraction of oceanic primary production cycles through bacterioplankton (Cole
et al. 1988, Billen et al. 1990). Bacteria mediate much of the oxygen
consumption and most of the carbon remineralization in marine waters
(Duck low and Carlson 1992).
Several recent studies indicate that a wide range of phenotypic and
genotypic diversity exists within and between heterotrophic bacterioplankton2
populations, and the bacterial fraction of planktonic ecosystems appears to be
no less structurally dynamic than is commonly observed in the eukaryotic
photoautotrophic and heterotrophic fractions of the marine planktonic
community (Lee and Fuhrman 1991, Rehnstam et al. 1993, Fuhrman et al. 1994,
Smith et al. 1995, Martinez et al. 1996). Methodological constraints, however,
have led to a lack of consideration for individual species dynamics within
heterotrophic bacterioplankton communities in systems level studies. The
effect that spatial and temporal variation in bacterioplankton population
structure has on the cycling of carbon and associated biogenic elements in the
world's oceans is largely unknown (Azam et al. 1995, Kemp et al. 1995).
Currently in marine systems, bacterial processes are measured as
community averages, with little if any characterization of the abundance or
physiological activity of individual species. Unmeasured changes in
community composition can invalidate predictions of the response of bacteria
to a particular stimulus, unless the response is uniform across the community.
Treating all species within the community as one "black box" masks genotype
specific responses when all measurements are community averages. Lack of
information on the structure of bacterioplankton communities makes it
possible to measure average process rates but difficult to gain a mechanistic
understanding of the factors which control bacterial processes.
1.2 The "great plate count anomaly"
In order to detect quantitative and qualitative changes in the structure
of bacterioplankton populations, a knowledge of the types of organisms that
can be potentially most abundant in a given seawater sample is necessary. As3
with most ecosystems, the diversity of organisms within marine
bacterioplankton populations has traditionally been assayed by culture-
dependent methods (e.g. see ZoBell 1946, Baumann et al. 1972, Kita-Tsukamoto
et al. 1993). It has long been known, however, that numbers of bacteria in
seawater estimated by CFU counts are orders of magnitude lower than those
estimated by epifluorescence direct counts (Jannasch and Jones 1959, Hobbie et
al. 1977, Kogure et al. 1979, Ferguson et al. 1984). A significant proportion of
cells visualized microscopically appear to be viable, but do not form visible
colonies on plates (Staley and Konopka 1985), though this result has been
debated (Zweifel and Hagstrom 1995, though see Choi et al. 1996). It is not
currently known how much of the information derived from pure cultures of
marine bacteria can be related to the activity of bacterioplankton in situ.
1.3 Molecular approach to assessing microbial diversity
In the early 1980s, Norman Pace and coworkers proposed that microbial
diversity might be explored by analyses of nucleic acids isolated from natural
samples without resorting to microbial cultivation (Olsen et al. 1986). Early
studies focused on the 5S rRNA molecule, but it did not take long for the
larger 16S rRNA to become the standard in these studies. The gradual
refinement and application of these methods has profoundly changed the
fields of microbial ecology and evolution. 16S rDNA sequences have been
retrieved from such diverse habitats as soils (Liesack and Stackebrandt 1992,
Stackebrandt et al. 1993), lake water (Bahr et al. 1996), thermal springs (Ward
et al. 1990, Barns et a1.1994, Reysenbach et al. 1994), peat bogs (Hales et al.
1996), and the hindguts of termites (Ohkuma and Kudo, 1996, Paster et al.4
1996). The results of these studies have often been startling: not only does it
appear that the most abundant microbes in natural ecosystems are
predominantly undescribed microbial species, but often these microbes cannot
confidently be placed within any of the bacterial phyla described previously
by Woese ( Woese 1987).
How diverse are bacteria in natural systems? Liesack and Stackebrandt
(Liesack and Stackebrandt 1992, Stackebrandt et al. 1993) analyzed the
diversity of bacteria in an Australian soil sample by cloning 16S rRNA genes
from environmental DNA. Sequence analysis of 30 clones and dot blot
hybridization of 83 additional clones with taxon-specific oligonucleotide
probes revealed three major bacterial groups. Representing 50% of the total,
the most abundant clone type was closely related to nitrogen-fixing members
of the a subclass of Proteobacteria, an unsurprising result given the source of
the environmental sample. Six percent of the clones affiliated with the
Planctomycetales, though they showed no close similarity to any described
species. This was very surprising, since all Planctomycetales described to date
come from aqueous habitats. The third major clone type, representing 20% of
the total, appeared to form a unique line of descent within the Bacteria,
possibly sharing a common ancestry with Chlamydia and the Planctomycetales.
A similar pattern of phylogenetic diversity was found in the intestinal
microflora of the termite Reticulitermes speratus (Ohkuma and Kudo 1996). Of
55 rDNA clones, 20% were members of the Proteobacteria and showed close
relationships with cultivated species of enteric and sulfate-reducing bacteria.
The remaining clones showed no close relationships to known bacterial taxa,
though members of the spirochetes (18%), flexibacter-cytophaga-bacteroides
phylum (16%), and low G + C division of the Gram-positive bacteria (27%)5
were recovered. 18% of the clones, among which 14% formed a single cluster,
could not be placed within any of the major phyla of the Bacteria, and appeared
to form unique lines of descent.
The termite and soil studies are used here as examples for the
observation that the majority of microbial diversity found in natural habitats
consists of uncultured, uncharacterized taxa. It is also evident that some clone
types may be sufficiently divergent to form unique lines of descent with the
Bacteria, and represent what are potentially undescribed phyla.
1.4 The diversity of bacterioplankton in the oligotrophic open-ocean
Among the first environments to receive significant attention in
molecular studies were subtropical regions of the Atlantic and Pacific Oceans
(Giovannoni et al. 1990a, Schmidt et al. 1991). Though the first studies
analyzed surface seawater samples, samples from 80, 100, 250 and 500 meters,
marine snow, and marine sediments have also been examined (Giovannoni et
al. 1990a, Britschgi and Giovannoni 1991, Schmidt et al. 1991, De Long 1992,
Fuhrman et al. 1992, De Long et al. 1993, Fuhrman et al. 1993, Mullins et al.
1995, Giovannoni et al. 1996b, Gordon and Giovannoni 1996, Gray and Herwig
1996, Field et al. 1997, Wright et al. 1997).
Important questions addressed by these studies included: (1) How
diverse are bacterial rDNA lineages in a single sample? (2) Do environmental
rDNA clones match rDNA sequences of known species? and (3) Are the same
phylogenetic lineages found in different oceans?
Analyses of rDNA libraries cloned by different investigators using
different methods, as well as supporting hybridization data, have shown that6
16S rRNA genes isolated from natural samples of prokaryotic plankton
(including both Bacteria and Archaea)are diverse, but predominantly fall into
ten distinct phylogenetic lineages (Fig. 1.1) (Giovannoni et al. 1996a). Eighty-
six percent of all bacterial 16S rDNAs cloned from marine picoplankton fall
into one of the eight bacterial phylogenetic groups shown in Figure 1.1. Of this
bacterial fraction, only 25% of the clones belong to the SAR83 Glade of thea
Proteobacteria or SAR6/SAR7 (Marine Synechococcus / Prochlorococcus)
cyanobacterial cluster, members of which have been cultured. The remaining
six groups are completely composed of uncultured bacterial groups.
Though the majority of cultured marine microbial species are
Proteobacteria, only four of the ten major marine rRNA gene clusters are
members of this class- the SAR11, SAR83, and SAR116 clusters of the a
subclass, and the SAR86 cluster of the y subclass. Interestingly, these four
clusters are clearly distinct from the major genera of cultivated marine bacteria
(mostly of the y subclass) for which 16S rDNA sequences are available. The
SAR83 cluster is, however, closely related to the aerobic photoheterotroph
Roseobacter denitrificans (similarity = 0.96), as well as marine isolates from
Oregon coast seawater (Suzuki et al. 1997). The SAR11 cluster is a rapidly
evolving, deeply branching Glade of the a subclass of Proteobacteria, and often
appears as the deepest branch within this group (Giovannoni et al. 1990a). The
marine Synechococcus/Prochlorococcus cluster is phylogenetically affiliated with
the cyanobacteria, in particular to the marine Synechococcus group and
Prochlorococcus marinus. It is not surprising that a cluster of cyanobacteria was
recovered in clone libraries from pelagic marine samples since it was
previously known that oxygenic phototrophs often constitute a significant
proportion of the total bacteria in these environments. Although related to the7
Figure 1.1. Composite phylogenetic tree displaying relationships among the
most widespread bacterioplankton 16S rRNA gene clusters. This
tree was inferred from comparisons of about 1000 nucleotide
positions by the neighbor joining method. Strain OR412 is an
undescribed heterotrophic bacterium. Of the eight bacterial
clusters and two archaeal groups shown, only the marine
Synechococcus/Prochlorococcus cluster and the SAR83 cluster have
members that are in culture. Many other lineages found in marine
aggregates or in a single clone library are not shown.pRcSAR116 Cluster
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high G + C (Actinomycete) division of the Gram-positive bacteria, the marine
Gram-positive cluster shows low similarity to all of the major high G + C
Gram-positive SSU rRNA gene lineages, and instead forms a deep, unique
branch in this phylum (Fuhrman et al. 1993). The phylogenetic positions of the
SAR202 and SAR406 clusters, like those of the SAR11 and Marine Gram-
positive clusters, are relatively deep with respect to the phyla in which they
occur. The SAR202 cluster is the deepest branch of the _
Chloroflexus/Herpetosiphon phylum (the Green Non-Sulfur phylum)
(Giovannoni et al. 1996b). The SAR406 cluster is a distant relative of the genus
Fibrobacter and the green sulfur bacteria, which includes Chlorobium. It has no
definitive phylum affiliation (Gordon and Giovannoni 1996). The remaining
two groups are novel lineages within the Archaea- the Group I Archaea are
peripherally related to hyperthermophilic Crenarchaeota, while the Group II
Archaea appear to share a common ancestry with the Euryarchaeote
Thermoplasma acidophilum (De Long 1992, Fuhrman et al. 1992, De Long et al.
1994).
The similarity between genes cloned directly from seawater and their
closest relatives among cultured species represented in databases is shown
graphically in Figure 1.2. Even though approximately 74% of marine bacterial
species described in the systematic literature are represented in 16S rDNA
sequence databases, the median similarity between marine bacterial genes
retrieved from nature and genes from cultured marine microbial species is
only ca. 0.87 (Fig. 1.2). The significance of minor sequence variation between
environmental gene clones and sequences from cultivated species is not
known. However, when an environmental clone is significantly dissimilar to
any known gene sequence (similarity <0.96), it is unlikely to represent a10
Figure 1.2. Chart summarizing the percent similarity to the nearest
phylogenetic neighbor for environmental 16S rRNA gene clones
from pelagic marine samples. This data set is composed of all
published pelagic marine 16S rRNA gene clone libraries as well as
unpublished data from 80 m and 250 m in the Sargasso Sea.11
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cultured strain. To put these 16S rRNA sequence similarities in perspective,
consider that bacterial 16S rDNAs diverge at an average rate of 1% per 50
million years (Moran et al. 1993). Even allowing for broad variation in rates of
evolution, the data still support the conclusion that most marine bacteria do
not share recent (i.e. in the Cambrian or later) common ancestors with cultured
species.
In summary, the following general conclusions can be drawn from
studies of bacterioplankton environmental clone libraries: First, the most
abundant rDNA genes recovered in clone libraries do not correspond to
cultured species. Second, many of the same novel gene lineages are found in
clone libraries prepared from different oceans and by different methods. And
third, these lineages (phylotypes) are often composed of multiple gene lineages
(clusters) more related to each other than to any other gene lineage.
An unexpected aspect of bacterial diversity uncovered by these studies
is the existence of 16S rRNA gene clusters: related sets of genes which are
more similar to each other than to any rRNA gene sequences from a cultivated
organism (Giovannoni et al. 1996b). From a phylogenetic perspective, gene
clusters resemble gene clades from cultivated organisms, but because gene
cluster sequences come from uncultivated organisms, it is not known whether
or not they represent separate cellular lineages. An analysis of the 16S rRNA
gene sequences from the seven rrn operons of E. coil strain PK3 (Cilia et al.
1996) revealed inter-operon similarities between 98.9%-100.0%, indicating that
the divergence between n-n operons of the same organism may explain the
shallowest branches in an environmental gene cluster, but is not sufficient to
explain the high degree of sequence divergence characteristic of the gene
clusters described here. The significance of these gene clusters in natural13
populations is currently unknown, but many studies of natural microbial
populations, from seawater and other habitats, have now observed them
(Britschgi and Giovannoni 1991, Schmidt et al. 1991, De Long et al. 1993,
Fuhrman et al. 1993, Barns et al. 1994, De Long et a1.1994, Hales et al. 1996,
Ohkuma and Kudo 1996).
1.5 Objectives of this thesis
Only a small number of environmental SSU rRNA gene clones have
been analyzed from coastal seawater samples. De Long and coworkers
compared SSU rRNA gene clones from marine aggregates to 18 SSU rRNA
gene clones obtained from bacterioplankton in the surrounding water (De Long
et al. 1993). Of these 18 clones, 13 were members of the SAR11 cluster.
Though these samples were too small to draw firm conclusions, they did
indicate that perhaps more productive, nutrient-rich coastal habitats contained
some of the same SSU rRNA gene lineages as are found in the open-ocean.
Chapters two and three of the work described here were executed as
part of the U.S. Department of Energy's Ocean Margins Program. This
program is focused on the eastern continental shelf of the United States near
Cape Hatteras, North Carolina; its goal is to study the storage, flux, and
transformations of carbon in ocean margin systems. Although continental
shelves account for only a small percentage of the total surface area of the
worlds oceans, they may provide a significant sink for atmospheric carbon
dioxide and a major pathway for the export of organic matter into deep ocean
basins (Walsh et al. 1985, Rowe et al. 1986, Walsh 1991). As a first step in
analyzing the role of bacterioplankton community structure on organic carbon14
transformations in this region, we investigated the phylogenetic diversity of
this continental shelf picoplankton community by an analysis of PCR-
amplified SSU rRNA genes. Our immediate objectives were (1) to determine
whether the bacterioplankton in this region of the continental shelf were
similar to those which had been found previously in open-ocean samples, and
(2) to develop probes for the detection of key species in ecological studies
planned for the future.
Chapters four and five of this study were sparked by a personal interest
in the complex hydrography and high productivity common to the coast of
Oregon, U.S.A. The Oregon coast represents an unusual area of high
productivity with wind-driven coastal upwelling processes seasonally
dominating the region's oceanography (Huyer 1977, Huyer 1983). Similar
hydrographical events occur in both the northern and southern hemispheres
along eastern ocean boundaries (Barber and Smith 1981). The high nutrient
availability in these regions results in high productivity, such that they may be
responsible for half the world's catch of fish even though they represent only
0.1% of the world's surface area (Ryther 1969). High phytoplankton
abundance and elevated levels of primary production are characteristic of the
Oregon coast during upwelling events (Small and Menzies 1985, Hood et al.
1992). Two ecologically significant questions were addressed by the
construction of a SSU rRNA gene clone library from surface seawater collected
over the western continental shelf of the Pacific Ocean off Oregon, USA. First,
we were able to compare the SSU rRNA gene clones recovered in the Oregon
coast clone library to the SSU rRNA genes obtained from bacterial isolates
cultured from the same seawater sample. This comparison revealed that there
was very little overlap between the SSU rRNA genes recovered from the15
cultures and gene clones (Suzuki et al. 1997). In addition, I was able to
compare the picoplankton SSU rRNA gene clones recovered off the Oregon
coast to those recovered off Cape Hatteras, North Carolina, as well as to
published clone libraries previously constructed from oligotrophic regions of
the open-ocean, resulting in significant insights into the diversity of SSU rRNA
types in coastal environments.16
CHAPTER 2
CHROMOPHYTE PLASTID 16S RIBOSOMAL RNA GENES FOUND IN A
CLONE LIBRARY FROM ATLANTIC OCEAN SEAWATER
Michael S. Rapp& Paul F. Kemp, and Stephen J. Giovannoni
Published in the Journal of Phycology,
Phycological Society of America, Lawrence, Kansas,
December, 1995, volume 31, number 6, pages 979-98817
2.1 Abstract
In recent years, the cloning of ribosomal RNA genes from natural
plankton communities has provided insight into the biodiversity of marine
bacterioplankton. Small eukaryotic phytoplankton, like bacterioplankton, can
be difficult to cultivate or identify routinely by morphological characteristics.
We used bacterial-specific 16S rDNA primers to amplify genes from
picoplankton samples collected on 0.2 um filters by filtration from a depth of
10 m in the pelagic region over the continental shelf off Cape Hatteras, North
Carolina. Nucleic acid sequencing and probe hybridization revealed that
chromophyte plastid genes comprised 25% of the genes in a library of 170
clones. The plastid genes belonged to two groups within the Chromophyta:
the Prymnesiophyceae and the Bacillariophyceae. Comparisons revealed
substantial diversity among the bacillariophyte gene sequences, but the species
from which the genes originated could not be identified because few sequences
from cultured bacillariophytes are available. The prymnesiophyte genes also
could not be identified, although they were most similar (similarity=0.94) to
plastid genes from the coccolithophorid Emiliania huxleyi (Lohmann) Hay and
Mohler strain PML92D. These results provide evidence of abundant
chromophyte plastid 16S rRNA genes in the water over the continental shelf
off Cape Hatteras. The results also suggest that plastid 16S rRNA genes may
provide suitable genetic markers for studying phytoplankton biodiversity and
biogeography.18
2.2 Introduction
Several studies in recent years have demonstrated the usefulness of
sequencing environmental 16S rRNA gene clones as a method for
understanding the diversity of microorganisms in natural communities
(Britschgi and Giovannoni 1991, DeLong et al. 1993, Fuhrman et al. 1993,
Reysenbach et al. 1994, Mullins et al. 1995). This approach relies on the cloning
of genes directly from mixed assemblages of cells collected from the
environment, and thus circumvents the biases inherent in microbial
cultivation. Cloning methods also involve biases, different from those inherent
in cultivation, but have lead to the discovery of many novel bacterioplankton
and Archaea which appear to be distributed widely in seawater. Recently,
rDNA probes have been designed from environmental sequences for
applications to ecological questions, including the determination of the spatial
and temporal distributions of bacterial species (Giovannoni et al. 1990a,
DeLong 1992).
Like bacterioplankton, small eukaryotic phytoplankton present
problems for ecologists interested in biodiversity because they are often
difficult to cultivate and present few morphological characters which can be
used to routinely discriminate between biological species (Brand 1986,
Campbell et al. 1994). Unidentified "green cells" constitute a major fraction of
phytoplankton assemblages at our study site, a region on the continental shelf
near Cape Hatteras selected for intensive studies of the carbon cycle by the
Department of Energy Ocean Margins Program. Marshall and Ranasinghe
(1989) reported that unidentified picoplankton (1-3 gm) consisting of
cyanobacteria, Chlorophyta and "other unidentified green cells" accounted for
50.6% of the annual average cell concentration in water samples taken over a19
ten year period (ending in 1985) from the eastern continental shelf of the
United States. Molecular techniques employing plastid 16S rRNAgenes,
including in situ hybridization of taxon-specific oligonucleotide probes and the
cloning and sequencing of plastid rRNAgenes, could provide methods to
circumvent the problem of identifying these cells (De Long et al. 1989, Simon et
al. 1995).
Ribosomal RNA gene cloning and sequencing has been used for
investigations of chloroplast phylogeny, thereby providing databases ofgene
sequences which might be used to identify unknown plastid genes cloned
from natural samples (Giovannoni et al. 1988b, Turner et al. 1989, Urbach et al.
1992). Plastid evolution is particularly interesting because of the diversity of
chloroplasts and their apparent monophyletic origin within the cyanobacterial
phylum of the bacteria (Fox et al. 1980). Chloroplast rRNAgenes are so closely
related to those of cyanobacteria that thesame bacterial-specific polymerase
chain reaction amplification primers work for both. However, phenotypically
distinct plastid-containing groups within the Chlorophyta, the Chromophyta,
and the Rhodophyta can be distinguishedon the basis of plastid 16S rDNA
sequence signatures (Delaney and Cattolico 1989, Douglas and Turner 1991,
Markowicz and Loiseaux-de Goer 1991). Thus, comparisons of plastid rDNAs
to sequence databases for known phytoplankton species can be a valuable tool
for the identification and taxonomy of eukaryotic phytoplankton (Cattolico
and Loiseaux-de Goer 1989).
A limitation of this approach is that the 16S rRNA plastid genes
sequenced to date do not adequately represent the diversity of cultivated
eukaryotic phytoplankton. Only eleven plastid 16S rDNA sequences from
members of the Chromophyta are available through Genbank (accession20
numbers in parentheses) and the Ribosomal Database Project (RDP; Maidak et
al. 1994): the cryptophytes Cryptomonas (I) (X56806) and Pyrenomonas salina
(X55015), the phaeophyte Pylaiella littoralis (X14873, X14803), the
prymnesiophytes Ochrosphaera neapolitana (X80390), Ochrosphaera sp. (X65101),
Isothrysis sp. (X75518), and Emiliania huxleyi (X82156), the bacillariophytes
Skeletonema costatum (X82154) and Skeletonema pseudocostatum (X82155), the
raphidophyte Heterosigma akashiwo, formerly Olisthodiscus luteus (M82860,
M34370; Hara and Chihara 1987), and the partially sequenced chrysophyte
Ochromonas danica. (X53183). No representative plastid 16S rRNA gene
sequences have been published for such chromophyte algae groups as the
Eustigmatophyceae, Synurophyceae, and Xanthophyceae.
The unique plastid rRNA genes described here were encountered
unexpectedly by the random sequencing of environmental 16S rDNA clones
from picoplankton. The initial purpose of this study had been to identify
bacterioplankton rRNA genes common to the eastern continental shelf of the
United States off Cape Hatteras, North Carolina, so that oligonucleotide probes
for ecological investigations of bacterioplankton might be assembled. The
discovery of the plastid genes presented an opportunity to obtain genetic data
which might eventually lead to an alternative method of identifying
phytoplankton at division, species and population genetic levels. Such an
identification scheme might include organisms which had eluded
identification by other methods because they had not been cultivated and/or
lacked clearly defined morphological characters. In addition to assembling a
database of genetic sequence information, we also sought to identify unique
sequence domains which might be used as sites for the annealing of diagnostic
oligonucleotide probes.21
2.3 Materials and methods
On 13 May 1993, a picoplankton samplewas collected on 0.2 gm filters
by filtration from a depth of 10m at station 18 (35°59'N, 75°08'W),
approximately 80 km northeast of Cape Hatteras, North Carolina,on R.V. Gyre
cruise number 93-06. Total cellular nucleic acidswere isolated from the
picoplankton sample by lysis with proteinase K and SDS and
phenol/chloroform extraction as previously described ( Giovannoni et al.
1990b).
rRNA gene amplification. Bacterial and plastid 16S rRNAgenes were
amplified from the environmental sample of genomic DNAs using two general
bacterial 16S rRNA primers (27F, 5'-AGAG11 I GATCMTGGCTCAG-3'; 1522R,
5'-AAGGAGGTGATCCANCCRCA-3'; Giovannoni 1991) and the polymerase
chain reaction (Saiki et al. 1988). PCR reactionswere performed in a MJ
Research thermal cycler (MJ Research, Watertown, Massachusetts). The
amplification reaction conditions were 5.0% acetamide, 0.2 gM of each
amplification primer, 200 gM of each dNTP, Pfu DNA polymerase reaction
buffer (10 mM KC1, 20 mM TrisHC1 pH 8.2, 6 mM (NH4)2SO4, 1.5 mM MgC12,
0.1% TritonX-100), 2.5 units of Pfu DNA polymerase (Stratagene, La Jolla
California), and 10 ng of template DNA ina total volume of 100 gL. Prior to
the addition of Pfu DNA polymerase to the reaction mixture,a modified
version of "hot start" PCR was employed. In a microcentrifuge tube on ice, all
PCR reagents were added to the reaction mixture except for Pfu DNA
polymerase and layered with mineral oil. The reaction mixturewas then
placed in the thermal cycler and heated to 95°C for 5 mM. After cooling to
85°C for 1 mM, enzyme was added to the reaction through the mineral oilwithout removing the reaction tubes from the thermal cycler. The reactions
were then cooled to the annealing temperature of 55°C to begin normal
cycling. The amplification conditions were 95°C for 1 min, 55°C for 1 min,
and 72°C for 1 min extended 5 sec per cycle for 35 cycles. Following the final
cycle, the reaction was extended at 72°C for 10 min.
Clone library construction. The blunt-ended rDNA amplification
product was cleaned using a QIAquick-spin PCR purification column (Qiagen,
Chatsworth, California) following the manufacturer's instructions. The
amplification product was visualized by electrophoresis through a 1.0%
agarose gel in 1X TAE (40 mM Tris-acetate, 1 mM EDTA) containing 0.75
ggrnL-1 ethidium bromide. A single band of amplification productwas
observed, 1.5 Kb in size. After quantification with a Shimadzu UV160U
spectrophotometer, the amplified rDNA was inserted into the Smal restriction
site of the phagemid vector pBluescript KSII- (Stratagene) by blunt-end
ligation as previously described (Giovannoni et al. 1990b) with the following
modifications: the ligation reaction mixture, consisting of 260 ng of insert, 50
ng of vector, and 1 unit of T4 DNA ligase in ligation buffer (10 mM Tris-HC1
pH 8.3, 10 mM MgC12, 10 mM dithiothreitol, 0.4 mM ATP), was incubated at
16°C for 18 h. The ligation product was diluted 2:3 with TE buffer (10 mM
Tris-HC1, 1 mM EDTA pH 8.0) and used to transform competent E. coli XL1-
blue cells (clone numbers 1-105; Stratagene) or E. coli MAX Efficiency DH1OB
cells (clone numbers 106-303; Gibco BRL, Bethesda, Maryland). Transformants
were subsequently plated onto LB agar plates (1% tryptone, 0.5% yeast extract,
0.5% NaC1, 1.5% bacto-agar) containing the antibiotic ampicillin (200 ligmI:1)
and spread evenly with 40 RI, of X-Gal (40 mgmL-1) and 100 µL of IPTG (100
mM). The 170 clones which constitute the library described here are those that23
either hybridized to a taxon-specific oligonucleotide probeor contained a full
size (1.5 Kb) insert. They are numbered discontinously from 1-303. Some of
the clones with lengths of less than 1.5 Kb apparently contained fragments of
rRNA genes, which is observed commonly in clone libraries of this type. For
long-term storage, stab cultures of allwere made in LB top agar (1% tryptone,
0.5% yeast extract, 0.5% NaC1, 0.7% bacto-agar) and kept at 4°C. Cloneswere
also stored in 7.0% DMSO at -80°C.
rRNA gene sequencing and phylogenetic analysis. Template plasmid
DNAs were prepared from overnight cultures of positive transformants by
alkaline lysis using a Prep-A-Gene plasmid purification kit (Bio-Rad,
Richmond, California) and quantified spectrophotometrically. Plasmid DNAs
were visualized by electrophoresis through a 1.0% agarose gel containing 0.5
ethidium bromide in 1X TAE. A pBluescript plasmid known to
contain the correct sized insert (1.5 Kb) was used as a positive size standard
while one lacking an insert, isolated froma blue colony, served as a negative
control. Plasmid DNAs from clones containing full-length inserts were
sequenced on both strands using an ABI model 373A automated sequencer
(Applied Biosystems, Foster City, California) and dye-terminator chemistry.
DNA sequence data from cloned 16S rDNA genes were manually aligned to
bacterial and plastid sequences obtained from the Ribosomal Database Project
(Maidak et al. 1994) using the Genetic Data Environment (GDE) v2.0 sequence
analysis software package supplied by Steve Smith. Regions of ambiguous
alignment were excluded from the analysis. The Phylogeny Inference Package
(PHYLIP v3.5; J. Felsenstein) was used for all phylogenetic analyses except for
maximum likelihood, which used the program fastDNAml distributed by the
RDP (Maidak et al. 1994). Evolutionary distances were calculated using the24
program DNADIST and the Kimura 2-parameter model for nucleotide change,
with a transition/ transversion ratio of 2.0 (Kimura 1980). Theprogram
NEIGHBOR was used to reconstruct phylogenetic trees from evolutionary
distance data by the neighbor-joining method (Saitou and Nei 1987).
Parsimony trees were reconstructed using theprogram DNAPARS. A total of
100 bootstrapped replicate resampling data sets for both DNADIST and
DNAPARS were generated using SEQBOOT with randomsequence addition
and global rearrangement (Felsenstein 1985). All phylogenetic treeswere
edited using the program Treetool provided by Mike Maciukenas for the RDP.
The program gRNAid v1.4, supplied by Shannon Whitmore (Mentor Graphics,
Wilsonville, OR), was used to construct secondary structural models for the
cloned 16S rDNAs. Secondary structural modelswere manipulated manually
for optimal agreement with published 16S rRNA secondary structures (Gutell
1993). All gene sequences were submitted to the RDPprogram
CHECK_CHIMERA to aid in the detection of chimericgene artifacts (Maidak
et al. 1994).
Accession numbers. Nucleotide sequences were filed in Genbank under
the accession numbers: 0M13, U32667; 0M19, U32668; 0M20, U32670;
0M21, U32671; 0M22, U32669.
Colony blot construction. Colony blots (pinblots)were prepared using
an adaptation of the methods of Jeff Stein (RBI, La Jolla, CA). 213 transformants
were included in the pinblots, of which 43 were later determined to be not of
full length and thus not included in the library analysis. Transformantswere
grown in microtiter plate wells containing 100 µL of LB broth (with ampicillin,
200 pg.mL-1) overnight at 37°C. Microliter plate-sized Zeta-probe membranes
(Bio-Rad) were placed on 150x 15 mm culture plates containing approximately25
75 mL LB agar (with ampicillin, 200 ligmL-1). A Kleinschmidt 96A-PR
microliter plate replicator (M. Kleinschmidt, Palm Springs, California) was
used to inoculate the membranes from the microliter plates. Inoculated
membranes were incubated at 37°C for 6 h on the agar plates (colony size of
approximately 1.5 mm in diameter). The membranes were then placed in a
square baking dish on Whatman 3 mm chromatography paper saturated with
5% SDS/2X SSC (150 mM NaCl, 15 mM Na3citrate2H20 pH 7.0), allowed to
stand 2 min, and microwaved for 2.5 mM on high power. The membranes
were submerged for 20 min at 37°C in 50 mM Tris-HC1 pH 8.0, 50 mM EDTA,
100 mM NaCl, 1% sarcosyl, and 250 pgmL-1 proteinase K. The membranes
were baked for 15 min at 80°C and UV-crosslinked (1200 Joules) in a Ultra-
Lum UVC-515 ultraviolet multilinker to fix the DNA to the membrane.
Oligonucleotide probes and colony hybridization. To aid in screening
the clone library, two oligonucleotide probes were constructed using an
Applied Biosystems automated DNA synthesizer (Table 2.1). The probe
CHRYS1 (5'-ACT AAT TCT ACC TTA GGC-3') was designed to complement
the domain of clones 0M12, 0M13, 0M19, 0M20, and 0M22 which
corresponded to E. coli 16S rRNA positions 1464-1481 (18 bases). The probe
HAP1 (5'-ACT AGC CCT ACC TTA GAC-3') was designed to complement
clone 0M21 in the same domain as CHRYS1. The two probes were screened
for possible cross-hybridization to unrelated clones by submitting the probes
to the program CHECK PROBE, available through the RDP, for comparison to
sequences in the RDP (Maidak et al. 1994). The bacterial probe 338R was
hybridized to the pinblots to check for the presence of a 16S rRNA gene clone
in the inserted DNA of the recombinant plasmid. Each oligonucleotide probe26
Table 2.1. Alignment of the CHRYS1 and HAP1 probe target sites with the
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was[32}P-labeledon its 5' terminus with T4 polynucleotide kinase as
previously described (Giovannoni et al. 1988a).
Pinblots were prehybridized in 15 mL Z-hyb buffer (1.0 mM EDTA, 0.50
mM NaH2PO4 pH 7.2, 7.0% SDS) for 45-60 min atroom temperature. After
decanting the pre-hybridization buffer, the blotswere hybridized in 6.0 mL Z-
hyb buffer containing 200 RI, of [32]P-labeled oligonucleotide (25-50ng of
oligonucleotide) for 8-16 h at room temperature. The blots were washed three
times for 15 min each in 25 mL wash buffer [0.2X SSPE (150 mM NaC1, 1.0 mM
EDTA, 10 mM NaH2PO4.H20 pH 7.4), 0.1% SDS] atroom temperature, and
one time for 30 min at the probe hybridization stringency temperature (TH).
The TH for each probe was determined empirically by washing at successively
higher temperatures. TH was 40°C for probe CHRYS1, and THwas 45°C for
probe HAP1 (data not shown). Blotswere stripped of probe by washing three
times in 25-50 mL wash buffer at 70°C for 10 min each wash. All blotswere
visualized using a Molecular Dynamics Phosphor Imager SI (Molecular
Dynamics, Sunnyvale, California) as well as autoradiographically withx-ray
film.
2.4 Results and discussion
In the course of sequencing the 5' and 3' domains of clones selected at
random from a clone library of 16 rRNA genes, six plastid 16S rRNA gene
sequences were fortuitously discovered. Although plastid rDNA sequence
databases are fairly extensive, with over 50 sequences currently available
(Maidak et al. 1994), they fall far short of fully representing the diversity of
cultured phytoplankton. Nonetheless, these databases are currently sufficient29
for the identification of plastid 16S rRNAgene sequences to at least division
level.
Phylogenetic analyses revealed that the rDNA clones isolated in this
study belonged to two groups within the Chromophyta (Fig. 2.1). The first
group, with a complete clone sequence from one representative (0M21), was
most closely related to the plastid 16S rRNA genes of Ochrosphaera neapolitana
strain CCMP593 (similarity=0.93) and Emiliania huxleyi (Lohmann) Hay and
Mohler strain PML92D (similarity=0.94), two prymnesiophytes. The topology
of the phylogenetic tree in Figure 2.1was determined by the neighbor-joining
method, but analyses using Wagner parsimony and the maximum likelihood
method yielded the same result with respect to the position of 0M21 and the
Prymnesiophyceae. This relationship was supported by 100% of the bootstrap
replicates in both the neighbor-joining and Wagner parsimony trees.
The second group of plastid clones, represented by one complete
(0M20) and four partial rDNA clonesequences (0M12, 0M13, 0M19, and
0M22), were most closely related to the Bacillariophyceae (Fig. 2.1, Fig. 2.2).
Both the neighbor-joining and Wagner parsimony analyses supported the close
association of 0M20 with the bacillariophytes Skeletonema costatum, Skeletonema
pseudocostatum and Corethron criophilunz (L. Medlin, unpubl. sequence) in 100%
of the bootstrap replicates. In all analyses, 0M20 also remained closely
associated with the 16S rDNA clone AGG56 (De Long et al. 1993). AGG56 was
isolated by PCR amplification and cloning of bacterial 16S rRNA genes from
macroscopic phytodetrital material collected in the Santa Barbara Channel. A
majority (55%) of the rDNA clones collected from these aggregates belonged to
a restriction fragment length polymorphism group represented by the clone
AGG56 (De Long et al. 1993).30
Figure 2.1. Phylogenetic tree showing evolutionary relationships of 0M20 and
0M21 to representative plastid and cyanobacteria116S rRNA
genes. The phylogenetic tree was inferred from evolutionary
distance data by the neighbor-joining method. The number of
bootstrap replicates which supported the branching orderare
shown above (neighbor joining) and below (Wagner parsimony)
the relevant nodes, out of a total of 100 replicate samplings.
Values below 50 are not shown. A total of 1221 bases were used in
the analysis. 16S rDNA sequences for all reference plastids were
obtained from the Ribosomal Database Project, except Corethron
criophilum (L. Medlin, unpubl. sequence). The gene sequence of
Bacillus subtilis was used to root the tree. AGG56 = unidentified
plastid rRNA gene cloned from marine snow, SAR6 = uncultured
marine prochlorophyte rRNA gene cloned from the Sargasso Sea,
pt = plastid.97
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Figure 2.2. Phylogenetic tree showing the relationships among five plastid 16S
rDNA clones related to the Bacillariophyceae. The tree was
inferred by the maximum likelihood method from a total of 477
nucleotide positions. The 16S rRNA gene sequences of the
cyanobacteria Synechococcus PCC 6301 and SAR6 were used to root
the tree.33
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A phylogenetic tree was based on partial sequences from the five cloned
rDNAs related to the Bacillariophyceae,as well as AGG56 (Fig. 2.2). Two of
the six clones were identical (0M20 and 0M12), but the rest showed
considerable variation. Sequence variation can be artifactual due to
sequencing errors, misincorporation of bases in the polymerase chain reaction,
and chimeric gene products. These possibilities were investigated with the
program CHECK_CHIMERA, and by constructing secondary structural
models for each of the partially sequenced rDNA clones.
The heterogeneity between clone types in a variable region of the 16S
rRNA molecule (positions 141-222, using the E. coli 16S rRNA gene has a
reference) was compared (Fig. 2.3). The variation is not random; it is
concentrated in a limited number of nucleotide positions and, where expected,
is nearly always accompanied by compensatory base changes across helices. It
is improbable that this variation is artifactual. This region of the 16S rRNA
gene is often used as a target for hybridization of oligonucleotide probes
because of its relatively high variability in comparison to other areas of the
gene. Probes designed to hybridize to this region of the molecule can be
highly specific for the target gene, while failing to hybridize to closely related
though not identical rDNAs. Similar sequence variation has been observed in
prokaryotic picoplankton rRNA genes (Giovannoni et al. 1990a), but this is the
first example of such clustering in plastid rRNA genes. The relationship of the
sequence variation (Fig. 2.3) to the divergence of species and population
genetic variation is unknown. For the present, the simplest hypothesis is that
the variation represents an assemblage of diatom species. Resolution of this
question will probably come about through future phylogenetic studies of
cultured diatoms.35
Figure 2.3. Comparison of the stem and loop structure defined by Escherichia
coli 16S rRNA nucleotide base positions 141-222 for six rRNAgene
clones related to the Bacillariophyceae plastid lineage. Bold
nucleotides indicate regions of variability between the secondary
structural elements. The nucleotide indicated by the arrow isa
"U" residue in 0M19 and a "G" residue in AGG56.222 C
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To confirm that the predicted 16S rRNAgene products could be folded
into consensus secondary structures consistent with the general topological
features of other established plastid and bacterial 16S rRNAs, secondary
structural models were generated for the two complete plastid clone
sequences, 0M20 and 0M21 (Fig. 2.4; Gutell 1993). No unusual base pairing
in conserved helices was observed, which isa possibility if different portions
of a gene sequence are derived from different organisms (Kopczynskiet al.
1994). The program CHECK CHIMERA, supplied by the RDP (Maidak et al.
1994), was also used to check for thepresence of chimeric gene artifacts.
Again, no evidence of chimericgene sequences was found. Three single-base
sequence signatures defined the cyanobacteria and chloroplasts (Fig. 2.4;
Woese 1987). The presence ofa "U" residue in 0M21 and an "A" residue in
0M20 at position 799 (E. coli 16S rRNAgene numbering), a "C" residue at
position 1207, and a "G" residue at position 1233 support the phylogenetic
position of these two clones within the cyanobacterial phylum of the bacteria.
Oligonucleotide probes were designed to selectively hybridize to
unique regions of the two major chromophyte plastid types found in the clone
library (Table 2.1). The probeswere used to screen the remaining clones in the
library. The probe CHRYS1 was designed to selectively hybridize to clones
0M12, 0M13, 0M19, 0M20, and 0M22 and the diatoms Skeletonema costatum,
Skeletonema pseudocostatum and Corethron criophiluni. HAP1was designed to
selectively hybridize to clone 0M21 and the prymnesiophytes Ochrosphaera
neapolitana and Ochrosphaera sp. As cross-hybridization to non-target plastidor
bacterial rRNA genes would give misleading results, probe specificitywas
tested by comparing the probesequences in the RDP collection utilizing the
program CHECK_PROBE (Maidak et al. 1994). Radioactive CHRYS1 and38
Figure 2.4. Proposed secondary structural models of clones 0M20 and 0M21
16S rRNA. Arrows indicate signature nucleotides of the
cyanobacterial and choroplast 16S rRNAgene lineage. Numbers
refer to nucleotide positions in the E. coli 16S rRNAgene. Target
sites for the probes CHRYSI, HAP1, and the primers 27F and
1518R are indicated.x0 ti
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HAP1 probes were hybridized to high density colony blots from the clone
library to determine the frequency of these clone types (Fig. 2.5). Of 170 clones
screened by colony hybridization, 19 hybridized to CHRYS1 (11%), and 24
hybridized to HAP1 (14%). These probeswere also hybridized to planktonic
RNAs collected from surface seawater at 13 stationson the continental shelf off
Cape Hatteras, North Carolina, in March, 1994 (data not shown). Thoughno
obvious pattern could be discerned from the hydrographic data, levels
significantly above background were detected for two of 13 samples
hybridized to the HAP1 probe.
Phylogenetic probes such as those described here have potential for
determining phytoplankton distributions in bulk samples, for measuring the
growth status of plankton, and for in situ identification of single cells (De Long
et al. 1989, Lim et al. 1993). In phytoplankton ecology, fluorescence in situ
hybridization (FISH) in conjunction with fluorescently activated cell sorting
machines offers possibilitites for evaluating the significance of genetic
variation and speciation in phytoplankton populations (Simon et al. 1995).
Plastid genes are not subject to sexual recombination, and thusmay offer
advantages over nuclear genes for some studies of phytoplankton
biogeography and speciation, particularly when the divergence of
subpopulations is in question.
In the construction of this clone library, the methods used to collect
picoplankton and isolate genomic DNA were optimized for prokaryotic
organisms. Therefore, phytoplankton species which are sensitive to filtration
and lyse on contact with membranes could be selectively overlooked by this
approach. Furthermore, the approach used to extract nucleic acids may not
recover DNA from some algal species due to interference of algal walls and41
Figure 2.5. Hybridization of radiolabelled 16S rRNA oligonucleotide probes
CHRYS1 and HAP1 to three colony blots of 170 uncharacterized
(columns A through I) and control rDNA clones (columns J
through L). The three autoradiograms on the right show the
hybridization of the 338R bacterial probe to the same colony blots
of uncharacterized and control rDNA clones. Blot 1 = clones 1-105,
Blot 2 = clones 106-198, Blot 3 = clones 200-303. The control
rDNAs are: JKL1 = 0M20, Bacillariophyceae; JKL2 = 0M21,
Prymnesiophyceae; JKL3 = 0M11, SAR86 cluster (gamma-
proteobacteria); JKL4 = OCS12, SAR11 cluster (alpha-
proteobacteria); JKL5 = SAR420, SAR83 cluster (alpha-
proteobacteria); JKL6 = SAR423, marine synechococcus; JKL7 =
0M239, prochlorophyte.BLOT 1
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extracellular materials (Coleman and Goff 1991). In addition, the multiplicity
of chloroplasts and chloroplastgenomes within individual phytoplankton cells
makes it difficult to draw inferences from the abundance of plastid clones in
the library. Heterosigma akashiwo contains approximately 650 chloroplast
genomes per cell (Ersland et al. 1981), and many other chromophyte algae
contain multiple chloroplast genomes as well. Thus, the results presented here
cannot be interpreted as a measurement of the abundance of phytoplankton in
this water sample.
The data presented here provide preliminary information that, when
gene sequences are known for more chromophytes, might lead to a general
genetic method for the identification of eukaryotic picoplankton. Whether this
method will offer important advantagesover conventional approaches or
genetic approaches using other gene markers has yet to be determined.
Regardless, these results 1) demonstrate that plastid rRNAgenes may be
recovered from natural plankton population genomic DNA, 2) demonstrate
heterogeneous clusters of clone types similar to those observed previously in
prokaryotic organisms, and 3) providesequence data which can be used for
the design of plastid-specific rDNA probes.
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3.1 Abstract
The phylogenetic diversity of a continental shelf picoplankton
community was examined by analyzing 16S ribosomal RNA (rRNA)genes
amplified from environmental DNA with bacterial-specific primers and the
polymerase chain reaction (PCR). Picoplankton populations collected from the
pycnocline (10 m) over the eastern continental shelf of the United Statesnear
Cape Hatteras, NC, servedas the source of bulk nucleic acids used in this
study. A large proportion of the 169 rDNA clones recovered (33%)were
related to plastid 16S rRNA genes, including plastids from both chromophyte
and chlorophyte algae. A majority of bacterial gene clones (75% of bacterial
clones, 50% of the total) were closely related to rRNAgene lineages that had
been discovered previously in clone libraries fromopen-ocean marine habitats,
including the SAR86 cluster (y Proteobacteria), SAR83, SAR11, and SAR116
clusters (all a Proteobacteria), and the marine Gram-positive cluster (high G +
C Gram-positive). Most of the remaining bacterial clones recoveredwere
phylogenetically related to the y and 13 subclasses of the Proteobacteria,
including an rDNA lineage within the Type I methylotroph Glade of the 13
subclass. The abundance of plastid rDNAs and the lack of cyanobacterial-
related clones, as well as the presence of 13 Proteobacteria,are features of this
coastal picoplankton gene clone library which distinguish it from similar
studies of oligotrophic open ocean sites. Overall, however, these data indicate
that a limited number of as yet uncultured bacterioplankton lineages, related
to those previously observed in the open ocean, can account for the majority of
cells in this coastal marine bacterioplankton assemblage.49
3.2 Introduction
Information on marine microbial diversity has often been derived from
enrichment culture studies (e.g. Baumann et al. 1972). In recognition of the
biases implicit in microbiological cultivation techniques, there has beena
marked shift to reliance on the cloning and sequencing of 16S ribosomal RNA
genes directly from naturally-occurring microbial assemblages as a means of
assessing microbial diversity (Olsen et al. 1986; Ward et al. 1992; Giovannoni et
al. 1995). Although biases associated with the molecular methods applied to
questions in microbial ecology are not yet well understood, theyappear to be
less limiting than those associated with culture-based methods (Ward et al.
1992; Giovannoni et al. 1995).
Pelagic ocean habitats were some of the first environments to be studied
with rRNA gene cloning approaches. This choicewas not surprising, since
ocean systems are both biogeochernically significant and technically tractable
for molecular studies (Giovannoni et al. 1990a; Schmidt et al. 1991). Most such
studies have characterized bacterioplankton populations from oligotrophic
regions of the open ocean, including samples from the surface of the Sargasso
Sea in the Atlantic Ocean (Giovannoni et al. 1990a; Fuhrman et a1.1993), the
surface of the central Pacific Ocean near Hawaii (Schmidt et al. 1991), and at
depths of 100 and 500 meters in the western California Current (Fuhrman et al.
1993). In addition, PCR-amplified 16S rDNAs were analyzed to compare
phytodetrital marine snow-associated bacteria with free-living
bacterioplankton collected in seawater from the Santa Barbara Channel off the
California coast (De Long et al. 1993). Two general conclusions have been
drawn from these studies: 1) the vast majority of 16S rDNAs retrieved from
natural, mixed-population bacterioplankton samples do not correspond to the50
rRNA gene sequences obtained from cultured marine bacteria (Giovannoni et
al. 1995); and 2) though phylogenetically diverse, the majority of rDNA clones
obtained from oligotrophic open-ocean bacterioplankton communities fall into
one of several distinct phylogenetic groups (Fuhrman et a1.1993; Mullins et al.
1995; Giovannoni et al. 1996a).
Current trends in oceanographic studies emphasize models that treat
bacterioplankton as a compartment through which elements andenergy flux
(reviewed in Duck low 1994). Typically, such studiesmeasure bacterial
processes as community averages, and do not characterize the physiological
activity of individual species. These models have great utility, and have
served well the need to generally establish the relationship between
bacterioplankton and other major elements in marine food webs. With the
advent of molecular ecology, it has been recognized that "bacterioplankton" are
dominated by a relatively limited subset of phylogeneticgroups that are
widely distributed and often exhibit clear trends in their vertical distributions
in the water column (Mullins et al. 1995; Giovannoni et al. 1996b; Gordon and
Giovannoni 1996; Field et al. in press). Such data indicate that
bacterioplankton communities are relatively structured, but the influence of
community structure and dynamics on the results of system level studies has
yet to be established. It seems reasonable to suppose that understanding
community dynamics could contribute to the development of a more accurate
overview of ecosystem functions.
The study we describe here is part of the U.S. Department of Energy's
Ocean Margins Program. This program is focused on the eastern continental
shelf of the United States near Cape Hatteras, North Carolina; its goal is to
study the storage, flux, and transformations of carbon in ocean margin51
systems. Although continental shelves account for onlya small percentage of
the total surface area of the worldsoceans, they may provide a significant sink
for atmospheric carbon dioxide anda major pathway for the export of organic
matter into deep ocean basins (Walsh et al. 1985; Rowe et al. 1986; Walsh 1991).
As a first step in analyzing the role of bacterioplankton community structure
on organic carbon transformations in this region, we investigated the
phylogenetic diversity of a continental shelf picoplanktan community byan
analysis of PCR-amplified 16S rRNAgenes. Nearly a third of the 169 clones
recovered in this library were derived from eukaryotic phytoplankton plastid
rRNA genes. In addition to genes from previously identified uncultured
bacterioplankton, this study uncovered members of the (3 subclass of the
Proteobacteria that had not been observed previously in 16S rDNA clone
libraries constructed from seawater, includinga unique lineage within the
Type I methylotroph Glade.
3.3 Materials and methods
rRNA gene amplification and clone library construction. The
construction of this clone library was described previously (Rappe et al. 1995).
On 13 May 1993, a picoplankton samplewas collected on 0.2 gm filters by
filtration of unfiltered seawater taken froma depth of 10 m at station 18
(35°59'N, 75°08'W) of R.V. Gyre cruise 93-G6 (Fig. 3.1). The sonic depth at
station 18 was 35 m. Total cellular nucleic acids were isolated from the
picoplankton sample by cell lysis with proteinase K and SDS and
phenol/chloroform extraction (Giovannoni et al. 1990b). Bacterial and plastid
16S rRNA genes were amplified from the environmental sample of genomic52
Figure 3.1. Hydrography of station 18 of R.V. Gyre cruise 93-G6. The station
is located approximately 80 km northeast of Cape Hatteras, North
Carolina. The panel on the right displays a cross-shelf contour
plot of temperature for the transect indicated in themap.
Picoplankton samples recovered from a depth of 10 m at station 18
were used as the source of bulk nucleic acids used for study.Figure 3.1
76°W 75°W
Longitude
74°W
Temperature (°C)
242322212019181716151413
13.3015.11 13.9714.5614.3914.26 14.9215.5315.77 15.9514.2014.27
nk
I 1
I i r 1
-..,(Alt 1 1 I
'-1.----- 13.0
1 1 1
-10
14.0
--------"'---.._.----
's--zz----.
-20 C
-30
E -40
C:4 -60
-70
-80
-90
-100 Air
0510 15 20 25 30 35 40 45 50 55 6065 70 75 80
C
C
111111111111
Distance Offshore (km)54
DNAs using the two general bacterial 16S rRNA primers 27F and 1522R
(Giovannoni 1991) and the polymerase chain reaction (Saiki et al. 1988). The
blunt-ended rDNA amplification productwas inserted into the phagemid
vector pBluescript KSII- (Stratagene, La Jolla, California), and the product of
this ligation used to transform competent E. coli cells. Positive (white colony)
transformants were streaked for isolation and stored in stab cultures. Clones
in this library were assigned the prefix "OM" (Ocean Margins) and numbered
discontinuously from 1-303.
rRNA gene sequencing and phylogenetic analysis. Template plasmid
DNAs for sequencing were prepared from overnight cultures of positive
transformants by a general alkaline lysis miniprep protocol using
commercially available plasmid purification kits, quantified
spectrophotometrically, and visualized by agarose gel electrophoresis. A
pBluescript plasmid known to contain the correct sized insert of 1.5 kilobases
(Kb) was used as a positive size standard while one lackingan insert, isolated
from a blue colony, served as a negative control. Plasmid DNAs from clones
containing full-length inserts were sequenced (partially or in full) on both
strands using an ABI model 373A automated sequencer (Applied Biosystems,
Foster City, California), dye-terminator chemistry, and conserved rRNA gene
primers (Lane 1991).
DNA sequence data from cloned 16S rDNA genes were manually
aligned to bacterial and plastid sequences obtained from the Ribosomal
Database Project (RDP, Maidak et al. 1994) and Genbank, using the Genetic
Data Environment (GDE) v2.0 sequence analysis software package. Regions of
ambiguous alignment were excluded from the analyses. The Phylogeny
Inference Package (PHYLIP v3.5; Felsenstein 1989) was used for all55
phylogenetic analyses except for maximum likelihood, which used the
program fastDNAml distributed by the RDP (Maidak et al. 1994; Olsen et al.
1994). Evolutionary distances were calculated using theprogram DNADIST
and the Kimura 2-parameter model for nucleotide change, witha
transition/transversion ratio of 2.0 (Kimura 1980). Theprogram NEIGHBOR
was used to reconstruct phylogenetic trees from evolutionary distance data by
the neighbor-joining method (Saitou and Nei 1987). Parsimony treeswere
reconstructed using the program DNAPARS. A total of 100 bootstrapped
replicate resampling data sets for DNADISTwere generated using SEQBOOT
with random sequence addition and global rearrangement (Felsenstein 1985).
All phylogenetic trees were edited using theprogram Treetool, available
through the RDP. Secondary structural modelswere constructed using the
program gRNAid v1.4, and were manipulated manually for optimal
agreement with published 16S rRNA secondary structures (Gutell 1994). All
gene sequences were submitted to the RDP program CHECK CHIMERA to
aid in the detection of chimeric gene artifacts (Maidak et al. 1994). Raw
sequence similarities were calculated without distance correction using the
program DNADIST, available with PHYLIP v.3.5. For closely related taxa, all
positions in the alignment for which both sequences contained a nucleotide
were used in the similarity calculation. For more distantly related taxa,
hypervariable regions for which alignmentwas uncertain where excluded
from the similarity calculations. Similaritieswere calculated from partial
sequences by considering all available overlapping regions.
Oligonucleotide probes. Taxon-specific oligonucleotide probes were
used to partially screen the OM clone library (Table 3.1). Three
oligonucleotide probes (CHRYS1, HAP1, SAR86R)were designed from56
Table 3.1. Oligonucleotide probes used in this study.Table 3.1
Target
Name Probe sequence (5' - 3') position* Specificity THt Reference
CHRYS IACTAATTCTACCTTAGGC 1464-1481plastid of Bacillariophyceae 40 °C (Rappe et al. 1995)
HAP1 ACTAGCCCTACCTTAGAC 1464-1481plastid of Haptophyceae 45 °C (Rappel et al. 1995)
SAR 1 1A1AAGCTTTCTCCGTAAAGACTTAT 179-209portion of SAR11 cluster (a-Proteo.) 37 °C(Field et al. in press)
SAR83RCTAATCTAACGCGGGCC 231-247 SAR83 cluster and related oc-Proteo. 45 °C unpubl. data
SAR86RCTCCCGAAGGAGGTATA 178-194 SAR86 cluster (y-Proteo.) 45 °C this study
338R GCTGCCTCCCGTAGGAGT 338-355universal for Bacteria 45 °C(Amann et al. 1990)
*E. coli numbering as a reference.
Empirically determined probe stringency hybridization temperature.58
preliminary sequence data obtained from the OM clone library. The design
and construction of CHRYS1 and HAP1 has been described previously (Rappe
et al. 1995). Probe SAR86R was designed to complement the clones 0M10,
OM11, 0M23, 0M24, and 0M94 at positions corresponding to E. coli 16S rRNA
positions 178-194 (17 bases, Table 3.2; Brosius et a1.1978). The probeswere
screened for possible cross-hybridization to unrelated clones by submitting the
sequences to the program CHECK PROBE, available through the RDP, for
comparison to sequences in the RDP (Maidak et al. 1996). The probe 338R,
universal for the majority of bacterial 16S rDNAs (Amann et al. 1990), was
used to check for the presence of rDNA clone inserts in the recombinant
plasmids. All probes used in this studywere constructed with an Applied
Biosystems automated DNA synthesizer and were [32P]- labeledon their 5'
termini with T4 polynucleotide kinase as previously described (Giovannoni et
al. 1988a).
Colony blot construction and probe hybridization. Colony blots
(pinblots) were prepared as previously described (Rappe et al. 1995). Briefly, a
Kleinschmidt 96A-PR microtiter plate replicator (M. Kleinschmidt, Palm
Springs, California) was used to inoculate membranes overlaidon nutrient
agar plates from 96 well microtiter plates containing positive transformants.
Inoculated membranes were incubated at 37°C for 6 hon the agar plates. The
membranes were then placed in a cell lysis buffer, microwaved, and
submerged in a proteinase K solution. Finally, the membranes were baked
and UV-crosslinked to fix the DNA to the membrane.
Pinblots were prehybridized in 15 mL Z-hyb buffer (1.0 mM EDTA, 0.50
mM NaH2PO4 pH 7.2, 7.0% SDS) for 45-60 min at room temperature. After
decanting the pre-hybridization buffer, the blots were hybridized in 6.0 mL Z-59
Table 3.2. Alignment of the SAR86R probe target site with the 16S rRNAtarget
site regions from representative Proteobacteria.Table 3.2
Bacteria/rDNA clone
SAR86 CLUSTER
0M10
0M11
0M23
0M24
0M94
SAR86
MISC. PROTEOBACTERIA
Bartonella bacilliformis
Rhizobium haukuii
Phyllobacterium myrsinacearum
Thiobacillus sp. str. THI051
Rhizobium sp. str. UPM-Ca7
Rhizobium loti
Rhodornicrobiurn vannielii
Rochalimaea henselae
Bartonella vinsonii
Bartonella doshiae
Marinobacter hydrocarbonoclasticus
Azospirillum sp. str. DSM1727
Pseudomonas aeruginosa
MISC. OM CLONES
0M42
0M65
0M93
0M25
0M38
16S rRNA sequence* (5'-3', E. coli numbering) # of mismatches
178--TAT ACC TCC TTC GGG AG--194 (8AR8610t
....ttaataccg--TAT ACC TCC TTC GGG AG--aaagaaggc....
....ttaataccg--TAT ACC TCC TTC GGG AG--aaagaaggc....
....ttaataccg--TAT ACC TCC TTC GGG AG--aaagaaggc....
....ttaataccg--TAT ACC TCC TTC GGG AG--aaagaaggc....
....ttaataccg--TAT ACC TCC TTC GGG AG--aaagaaggc....
....ttaataccg--TAT ACC TCc TTC GGG AG--aaagagggc....
....ctaatacag--TAT ACG TCC TTC GGG AG--aaagattta....
....ctaataccg--TAT ACG T CC TTC GGG AG--aaagattta....
....ctaataccg--TAT ACG T CC TTC GGG AG--aaagattta....
....ctaataccg--TAT ACG TCC TTC GGG AG--aaagattta....
....ctaataccg--TAT ACG T CC TTC GGG AG--aaagattta....
....ctaataccg--TAT ACG T CC TTC GGG AG--aaagattta....
....ctaataccg--TAT ATC T CC TCC GGG AG--aaagattta....
....ctaataccg--TAT ACG TCC GGG AG--aaagattta....
....ctaatacag--TAT ACG TCC TTA GGG AG--aaagattta....
....ctaatacag--TAT ACG T CC TTA GGG AG--aaagattta....
....ttaataccg--CAT ACG T CC TAC GGG AG--aaagcaggg....
....ctaataccg--CAT ACG TCC TAT GGG AG--aaagcaggg....
....ctaataccg--EAT ACG TCC TGA GGG AG--aaagggggg....
....gtaatacct--TAT ACG CCC TTC GGG GG--aaagattta....
....gtaatacct--TAT ACG CCC TTC GGG GG--aaagattta....
....ctaataccg--CAT ACG TCC TAC GGG AG--aaagcaggg....
....ctaataccg--GAT ACG CCC TTC GGG GG--aaaggtccg....
....ctaataccg--TAT ACG CCC TCC GGG GG--aaaggcttg....
0
0
0
0
0
1
1
1
1
1
2
2
2
2
3
4
4
3
3
3
4
4
*Underlined nucleotides indicate mismatches with the SAR86R target site.
tSequence corresponds to the SAR86R target site.61
hyb buffer containing 200 pi, of [3213]-labeledoligonucleotide (25-50 ng of
oligonucleotide) for 8-16 h atroom temperature. The blots were washed three
times for 15 min each in 25 mL wash buffer [0.2X SSPE (150 mM NaC1,1.0 mM
EDTA, 10 mM NaH2PO41120 pH 7.4), 0.1% SDS]at room temperature, and
one time for 30 min at the probe hybridization stringency temperature (TH).
The TH for each probewas determined empirically by washing at successively
higher temperatures. Blotswere stripped of probe by washing three times in
25-50 mL wash buffer at 70°C for 10 min each wash. All blotswere visualized
using a Molecular Dynamics Phosphorlmager SI (Molecular Dynamics,
Sunnyvale, California) as wellas autoradiographically with X-ray film.
Accession numbers. Nucleotidesequences were filed in Genbank under
the following accession numbers: 0M1, U70710; 0M5, U70715;0M10,U70693;
0M23,U70694;0M25,U70678;0M27,U70713;0M38,U70679;0M39,U70716;
0M42,U70680;0M43,U70704;0M55,U70681;0M58,U70705;0M59,U70695;
0M60,U70696;0M65,U70682;0M75,U70683;0M81,U70717;0M93,U70697;
0M110,U70714;0M111,U70718;0M125,LT70719;0M133,U70698;0M136,
U70684;0M143,U70685;0M153,U70720;0M155,U70686;0M156,U70706;
0M164,U70721;0M180,U70707;0M182,U70699;0M185,U70700;0M188,
U70687;0M190,U70712;0M231,U70711;0M233,U70701;0M239,U70688;
0M241,U70702;0M242,U70689;0M247,U70690;0M252,U70703;0M255,
U70722;0M258,U70691;0M270,U70723;0M271,U70708;0M273,U70709;
0M283,U70724;0M299, U70692. Identical clone sequences were not filed.
Genbank accession numbers were obtained previously for the following
clones (Rappe et al. 1995): 0M13, U32667; 0M19, U32668; 0M20, U32670;
0M21, U32671; 0M22, U32669.62
3.4 Results
Hvdrography and biological data. Hydrographic data from R.V. Gyre
cruise 93-G6 has been compiled by Verity et al. (1996). At the time of sampling
from station 18, the water columnwas stratified, with warmer, fresher water
overriding relic, winter bottom "cold pool" water (Fig. 3.1). This isa common
seasonal stratification pattern in this region (e.g. Burrage and Garvine 1988;
Chapman and Gawarkiewicz 1993). CTD profiles indicated that thewarmer,
fresher water was apparently Chesapeake Bay outflow (Verityet al. 1996). The
sample used in this study was collected at the pycnocline, and thuswas a
mixture of Chesapeake Bay outflow and "cold pool" water (Fig. 3.1). Water
temperature was 13.7°C and salinity was 30.8-31.0 %o at a depth of 10m below
station 18. More detailed discussions of the general hydrography of this
region are available (e.g. Sherman et al. 1988, Walsh 1988).
The OM clone library. The 169 clones which constitute the Ocean
Margins 16S rDNA clone library described hereare those that either
hybridized to a taxon-specific oligonucleotide probeor contained a full length
(1.5 Kb) rDNA insert. Of 96 clones for whichsequence data was obtained, 52
contained unique sequence data. Some clones with lengths of less thanca. 1.5
Kb apparently contained fragments of rRNAgenes, which are commonly
observed in clone libraries of this type. An analysis of the two rDNA clone
groups most closely related to the plastid 16S rRNA genes of the
prymnesiophyte Emiliania huxleyi and the bacillariophyte Skeletonema costatum
was described previously (Rappe et al. 1995). Information on an additional
126 clones is provided here.
Phylogenetic diversity of Ocean Margins gene clones. a Proteobacteria.
Of 51 OM gene clones related to thea Proteobacteria, 50 were associated with63
three previously described 16S rDNAgene clusters -- the SAR83 cluster
(Britschgi and Giovannoni 1991), SAR11 cluster (Giovannoni et al. 1990a), and
SAR116 cluster (Mullins et al. 1995). Represented by 0M42 and 0M65 in Fig.
3.2A, OM clones related to the SAR83 cluster comprised 21% of the bacterial
clones recovered (Table 3.3). As in previous analyses of SAR83-related clones
(Britschgi and Giovannoni 1991; Fuhrman et al. 1993; Mullins et al. 1995), the
neighbor-joining and bootstrap analyses in Fig. 3.2A (mask ofca. 450
nucleotides) confirmed this cluster's strong phylogenetic affiliation with
Roseobacter denitrificans and Roseobacter litoralis, members of subgroup a-3
(bootstrap = 99/100 replicates). Members of the genus Roseobacter are pink-
pigmented heterotrophs that synthesize bacteriochiorophyll a aerobically, and
have been isolated from marine macrophytic algae (Shiba 1991; Ashen and
Goff 1996). The cc Proteobacteria subgroup designations follow those proposed
by Woese et al. (1984a). Overall sequence similarities for environmental clones
in the SAR83 cluster indicated a high level of within-cluster diversity: SAR83
and related clones in the Ocean Margins library had sequence similarities in
the range of 91.9-100%, while the clones had sequence similarities to
Roseobacter denitrificans in the range of 92.4-93.5%. A maximum-likelihood
analysis of members of the SAR83 cluster revealed slightly different within-
cluster relationships than those proposed in Fig. 3.2A (Fig. 3.3). In particular,
the 0M42 lineage and SAR83 were recovered as specific relatives, while the
0M65 lineage formed an independent line of descent. Together, the two
lineages of environmental clones encompassed Roseobacter denitrificans and
Roseobacter litoralis.
The SAR11 cluster comprised 12% of the bacterial rDNA clones
recovered (Table 3.3). It appears to be a very cosmopolitan clone type, having64
Table 3.3. Frequency and phylogenetic affiliation of 16SrRNA gene clones in
the OM library, groupedas in the RDP phylogenetically ordered
listing for prokaryotes.65
Table 3.3
Phylogenetic affiliation Sequenced clones*
No.
of
clones
% of
total
clonest
% of
bacterial
clonest
2.13.1 a-Proteobacteria
2.13.1.3 Rhodobacter group (SAR83 cluster) 0M42, 0M65, 0M143, 0M247 24 14 21
2.13.1.2 Rickettsia and others (SARI I cluster) 0M136, 0M155, 0M188, 13 8 12
0M239, 0M242, 0M258
2.13.1.1 Rhodospirillum rubrum ass. (SARI 16 cluster) 0M25, 0M38, 0M55, 0M299 13 8 12
2.13.1.1 Rhodospirillum rubrum ass. 0M75 1 1
2.13.3 y-Proteobacteria
2.13.3.6.1 Thiothrix nivea subgroup (SAR86 cluster) OM 1 0, 0M23 32 19 29
2.13.3.10.2 Teredinibacter subgroup 0M60, 0M241 4 2 3
2.13.3.9.2 Oceanospirillum ass. 0M182, 0M185, 0M252 3 2 3
2.13.3.10.3 Pseudomonas subgroup 0M93, 0M133, 0M233 3 2 3
2.13.3.11 Colwellia ass. 0M59 2 1 2
2.13.2 B-Proteobacteria
2.13.2.7 Methylophilus group 0M43, 0M58 6 4 5
2.13.2.2.6 Rubrivivax subgroup OM180 3 2 3
2.13.2.2.3 Burkholderia subgroup 11 0M156 2 I 2
2.6 Flexibacter-Cytophaga-Bacteriodes phylum
2.6.2.1 Environmental clones 0M273 2 I 2
2.6.1.2.6 Vesiculatum subgroup 0M271 1 1 I
2.15 Gram-positive phylum
2.15.1.3 Marine clones (Marine Gram-positive cluster) OM1, 0M231 2 1 2
2.9 Planctomyces and relatives
2.9.1 Planctomyces subdivision (AGG27) 0M190 1 1 1
Possible chimeras or unique clones 0M27, 0M110 2 1 2
2.10.2 Chloroplasts and Cyanelles
Prymnesiophytes 0M21, 0M125, 0M153 24 14
Bacillariophytes 0M13, 0M19, 0M20, 0M22 19 11
Prasinophytes 0M5, 0M39, OM 1 1 1, 0M255 8 5
Cryptophyte 0M283 1
Unidentified plastids 0M81, 0M164, 0M270 3 2
*Only includes those clones for which a Genbank accession numberwas obtained.
tCalculated by dividing the number of clones in each group by the total number recovered (n=169).
Calculated by dividing the number of clones in each bacterialgroup by the total number of bacterial clones recovered
(n=112).66
Figure 3.2. Phylogenetic relationships ofa Proteobacteria (A), y Proteobacteria
(B), and 0 Proteobacteria (C) 16S rDNA clones from the Ocean
Margins clone library. The trees were inferred by the neighbor-
joining method from a total of ca. 450 nucleotide positions. The
number of bootstrap replicates which supported the branching
order are shown above the relevant nodes, out of a total of 100
replicate samplings. Values below 50 are not shown. The scale
bar corresponds to 10 nucleotide substitutions per 100sequence
positions. The 16S rRNA gene sequences of Escherichia colt (a and
Proteobacteria trees) and Rhodoferax fermentans, Burkholderia
cepacia, and Rhodocyclus purpureus (y Proteobacteria tree)were used
as outgroups.A. a Proteobacteria
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Figure 3.3. Phylogenetic relationships within the four most abundant marine
bacterioplankton rDNA clusters in the Ocean Margins clone
library. The trees were constructed by maximum-likelihood
analyses from ca. 425 nucleotide positions. The scale bar
corresponds to 10 nucleotide substitutions per 100 sequence
positions. The closest phylogenetic relative of each cluster was
chosen to root the individual trees, with the exception of the
SAR83 cluster. For this group, the closest cultivated relative is
included within the cluster. R., Roseobacter; A., Azospirillum; E.,
Erythrobacter; P., Parphyrobacter; B., Bathymodiolus; L., Lucina.SAR83 Cluster
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been recovered from both the Atlantic and Pacific centralocean gyres
(Giovannoni et al. 1990a; Schmidt et al. 1991; Fuhrman et al. 1993),as well as a
clone library of 32 clones constructed from surface seawater of the Santa
Barbara Channel (De Long et al. 1993). The neighbor-joining analysis in Fig.
3.2A indicated a loose phylogenetic relationship between members of the
SAR11 cluster (including 0M136, 0M155, and 0M188 from the Ocean Margins
library), Porphyrobacter neustonensis and Erythrobacter longus str. Och101,
members of subgroup a-4 (Fig. 3.2A), though bootstrap analyses and analyses
of full length clone sequences did not support this affiliation. Ina maximum-
likelihood analysis of Ocean Margins SAR11-related clones, the SAR11 cluster
exhibited a high level of within-cluster diversity (Fig. 3.3). Ocean Margins
rDNA clones related to the SAR11 cluster hadsequence similarities ranging
from 89.6-100%, with similarities between 79.2-81.0% to the 16S rDNA of
Erythrobacter longus sir. Och101 and 78.6-80.1% to the 16S rDNA of
Porphyrobacter neustonensis.
Ocean Margins relatives of the SAR116 cluster also comprised 12% of
the bacterial rDNA clones recovered in this library. Represented by 0M25,
0M38, and 0M55 in Fig. 3.2A, this cluster of rDNAgenes resided within
subgroup a-1 of the a Proteobacteria (bootstrap= 65/100 and 78/100
replicates, Fig. 3.2A). Members of the SAR116 clusterwere most similar to
Azospirillum lipoferum (87.5-89.1%), Azospirillum brasilense (87.1-88.9%), and
Rhodocista centenaria (86.3-89.0%), though phylogenetic analyses that included
more of the data set could not resolve a nearest cultivated neighbor for this
group (mask up to ca. 1100 nucleotide positions; data not shown). Instead, the
SAR116 cluster formed a unique line of decent within subgroup a-1 (Fig.
3.2A). As in the SAR83 and SAR11 clusters, SAR116-related clones containeda71
high degree of within-cluster sequence variability, with four distinct lineages
within the SAR116 cluster apparent (Fig. 3.3). Sequence similarities ranged
from 89.6-100% for Ocean Margins rDNA clones related to the SAR116 cluster,
while the rDNA sequence of SAR116was most similar to clone 0M55 (98.1%).
A unique OM clone related to the a Proteobacteria (0M75)was found to be
affiliated with subgroup a-1 and showed highest similarity to Azospirillum
lipoferum (90.5% similar), but did not showa direct affiliation with the SAR116
cluster (Table 3.3).
The phylogeny of a Proteobacteria depicted in Fig. 3.2Awas
constructed from ca. 450 nucleotide positions located on the 5' end of the 16S
rRNA gene by the neighbor-joining method. Clones 0M25 (SAR116 cluster),
0M38 (SAR116 cluster), 0M136 (SAR11 cluster), 0M155 (SAR11 cluster), and
0M75 (unique a Proteobacteria) were sequenced completely and neighbor-
joining, parsimony, and maximum-likelihood analyses were performed that
included the full data set (mask ofca. 1100 nucleotide positions). The results
of these analyses supported the general relationships described above (data
not shown). Clone SAR116 was not included in the phylogenetic analyses
depicted in Fig. 3.2A and Fig. 3.3 because nucleotide sequence data for this
clone starts at E. coli position 169, necessitating a much shorter mask in
phylogenies that included only sequence data on the 5' end of the 16S rRNA
gene. However, all phylogenetic analyses that included SAR116 in the data set
supported the relationships described above (data not shown).
y Proteobacteria. Forty-four clones recovered in the OM library fell
within the y division of the Proteobacteria, of which 32 (29% of the bacterial
clones) were members of the SAR86 cluster (Table 3.3; Mullins et al. 1995).
This constituted the largest cluster of bacterial clones recovered in the OM72
library and, as in previous analyses,a close cultivated phylogenetic relative of
the SAR86 cluster could not be determined (Mullins et al. 1995). The neighbor-
joining analysis in Fig. 3.2B indicated a loose relationship between members of
the SAR86 cluster and the sulfur-oxidizing bacterial endosymbiont of
Bathymodiolus thermophilus, a deep sea hydrothermal vent-associated bivalve
(Distel et al. 1988). Bootstrap analyses did not support this affiliation, though
the same relationship was recovered whena longer mask was employed (data
not shown). The SAR86-related clones were most similar to the bacterial
symbionts of Bathymodiolus thermophilus (86.8-88.7%) and Lucina floridana (87.3-
88.4%). As in the a Proteobacteria clusters, the SAR86 cluster contained
significant within-cluster variability, with similarities between 0M10, 0M23,
and SAR86 in the range of 91.9-97.0% (Fig. 3.3).
Three OM rDNA clones were phylogenetically affiliated with members
of the genus Oceanospirillum and others in subgroup 3 of the y Proteobacteria
(Table 3.3; y Proteobacteria subgroups as in Woese et al. 1985). Represented by
0M182 in Fig. 3.2B, two Ocean Margins clones were most similar to
Marinomonas vaga (91.5%), a marine bacteria originally isolated by enrichment
culture from surface seawater collected off the coast of Hawaii in the Pacific
Ocean (Baumann et al. 1972). 0M252, a unique clone type in this library, had
highest sequence similarity to the marine bacteria Oceanospirillum beijerinckii
(89.0%), Oceanospirillum commune (88.6%), and clone 0M182 (88.4%; Fig. 3.2B).
A set of four clones related to the y Proteobacteria, represented by 0M60
and 0M241 in Fig. 3.2B, were most similar to strain SCB111, a marine
bacterium isolated from seawater collected off Scripps pier (89.1-89.5% similar;
Rehnstam et al. 1993), and the sulfur-oxidizing bacterial endosymbiont of
Lucina floridana (88.6-90.3%). Though phylogenetically related to each other73
(93.1% similar, bootstrap = 97/100 replicates), the phylogenetic relationshipsof
0M60 and OM241 to other members of they Proteobacteria were unstable,
however, and were not recovered with confidence in the bootstrap analysis
depicted in Fig. 3.2B, or in phylogenetic analyses employing mask lengths that
encompassed the majority of the rDNA molecule (data not shown).
Four Ocean Margins rDNA clonesequences were highly similar to the
16S rRNA gene sequences from cultured species within they Proteobacteria
(Table 3.3, Fig. 3.2B). These included 0M133 (Pseudomonas aeruginosastr.
NIH18, 99.3% similar), 0M93 (Azospirillumsp. str. DSM1727, 99.0% similar),
0M59 (Marinobacter hydrocarbonoclasticus, 97.0% similar), and 0M233
(Pseudonzonas flavescens sir. B62, 95.5% similar). It should be noted that
Azospirillum sp. sir. DSM1727 is not phylogenetically related to other members
of the genus Azospirillum (a Proteobacteria) and is obviously misclassified (Fig.
3.2A and B; Xia et al. 1994).
13 Proteobacteria. Eleven 16S rDNA clones from the OM clone library
(10% of the bacterial clones recovered)were related to the 13 Proteobacteria
(Table 3.3). One set of clones, represented by 0M43 in Fig. 3.2C, comprised 5%
of the bacterial clones recovered and grouped withina Glade of Type I
methylotrophs related to subgroup 13-3 of the f3 Proteobacteria (Bootstrap=
97/100 replicates; Tsuji et al. 1990; 13 Proteobacteria subgroup designationsas
in Woese et al. 1984b). In particular, the rDNA genesequence of 0M43 was
most similar to Methylophilus methylotrophus str. AS1, an obligate Type I
methylotrophic bacterium isolated from activated sludge (92.6% similar;
Jenkins et al. 1987). This relationshipwas also supported by the bootstrap
analysis in Fig. 3.2C, which grouped 0M43 and Methylophilus methylotrophus
str. AS1 in 93 out of 100 replicate samplings.74
The next most abundant set of clones related to the 13 Proteobacteriaare
represented by 0M180 in Fig. 3.2C. Comprising 3% of the bacterial 16S rDNAs
recovered (3 clones), clone 0M180 phylogenetically affiliated with Rhodoferax
fermentans (91.8% similar), a phototrophic purple non-sulfur bacteria isolated
from ditch water and activated sludge ( Hiraishi et al. 1991, Hiraishi 1994), and
Variovorax paradoxus (90.9% similar), a heterotrophic bacterium isolated from
soil ( Willems et a1.1991). Rhodoferax fermentans and Variovorax paradoxusare
members of the family Comamonadaceae within subgroup 13-1 of the fl
Proteobacteria and are 94.0% similar in 16S rRNA gene sequence, but do not
appear to share many phenotypic traits (Willems et al. 1991). In this analysis,
the Comamonadaceae (Rhodoferax fermentans, Variovorax paradoxus, and
Comamonas testosteroni) were recovered as a monophyletic group within the 13
Proteobacteria in 98 out of 100 bootstrap replicates, with the inclusion of clone
0M180 (Fig. 3.2C).
Two OM 16S rDNA clones (2% of the bacterial clones) are represented
by 0M156 in Table 3.3 and Fig. 3.2C. In the neighbor-joining analysis depicted
in Fig. 3.2C, 0M156 affiliated with members of the genus Burkholderia of the 13-
2 subgroup (bootstrap = 84/100 replicates), including Bukholderia mallei (91.2%
similar) and Burkholderia cepacia (91.9% similar). Bukholderia mallei and
Burkholderia cepacia (96.1% similar) demonstrated a robust affiliation in Fig.
3.2C, forming a monophyletic cluster in 100 out of 100 bootstrap replicate
samplings.
Flexibacter-cytophaga-bacteroides. Three OM clones were related to the
flexibacter-cytophaga-bacteroides (FCB) line of descent (Table 3.3, Fig. 3.4;
Paster et al. 1985). Two OM clones, represented by OM273 in Fig. 3.4, were
highly similar to the sequence of BDA1-14, an rDNA clone fragment recovered75
Figure 3.4. Unrooted phylogenetic tree showing relationshipsof OM rDNA
clones related to the flexibacter-cytophaga-bacteroides phylum,
and the Planctomycetales. The treewas constructed by the
neighbor-joining method from 425 nucleotide positions. The scale
bar corresponds to 10 nucleotide substitutionsper 100 sequence
positions. A close phylogenetic relationship between the FCB
phylum and Planctomycetales is not implied by this tree; theyare
included in the same figure out of convenience.Flexibacter-
Cytophaga-
Bacteroides
Phylum
Figure 3.4
Cytophaga marino ava
Cytophaga lytica
Vesiculatum antarctica
Flexibacter maritimus
0M271
0M273
Cytophaga
diffluens
Cytophaga
aurantiaca
Cytophaga
fermentansFlectobacillus
marinus
Anaeroflexus
maritimus
AGG27
0M190
Isosphaera pallida
Planctomyces staleyi
Pirellula marina
Planctomyces
limnophilus
Gemmata
obscuriglobus
Fervidobacterium
islandicum
Geotoga
subterranea
Thermotoga
maritima
0.10
Aquifex
pyrophilus
I
I
I
I
I
I
I
Planctomyces
and relativesin a PCR-generated rDNA library from Sargasso Sea surface water (98.1%
similar for 242 base positions of overlap; Fuhrman et al. 1993). Phylogenetic
analyses indicated these clones formeda unique lineage within the FCB
phylum (Fig. 3.4), distantly related to Microscilla sericea str. SIO-7 (83.4.%
similar), Cytophaga lytica (83.2% similar), and Cytophaga marinoflava (83.0%
similar). Phylogenetic analyses of clone 0M271,a unique clone type in the OM
library, placed it within the cytophaga subgroup of the FCB phylum (Fig. 3.4),
of which a number of marine bacterial isolatesare members (Gherna and
Woese 1992). 0M271 was most similar to Flexibacter maritimus (88.9%),a
marine fish pathogen (Wakabayashi et al. 1984), and Vesiculata antarctica
(88.8%), a pigmented, gas vacuolate bacterium isolated from Antarctic marine
water (Irgens et al. 1989).
Gram-positive. Two Ocean Margins clones (OM1 and 0M231 in Table
3.3) were highly similar to a cluster of 9 fragmentary rDNA clonesequences of
ca. 105 nucleotides in length recovered by Fuhrman et al. (1993) in rDNA clone
libraries constructed from Pacific (100 m) and Atlantic (10 m) seawater samples
(95.2-99.0 % similar). Employing a mask of ca. 1100 nucleotides, neighbor-
joining and bootstrap analyses of clones OM1 and SAR432, an rDNA clone
95.8% similar to 0M1 recovered from 80 m in the Sargasso Sea (D. Gordon,
unpubl. data), placed this cluster of clones within the high G + C Gram-
positive phylum (Fig. 3.5). This "marine Gram-positive" cluster formed a
unique, deeply branching lineage within the high G + C division of the Gram-
positive bacteria and showed low sequence similarity (<81.0%) to any
complete or nearly complete rRNA gene sequence recovered from a cultured
bacterium available through Genbank or the RDP. A secondary structural
model was constructed from the rDNA gene sequence of clone 0M1 to check78
Figure 3.5. Phylogenetic affiliations of 16S rDNA clones 0M1 and SAR432
with other members of the high G + C Gram-positive phylum. The
tree was constructed by the neighbor-joining method from ca. 1100
nucleotide positions. The scale bar corresponds to 10 nucleotide
substitutions per 100 sequence positions. The 16S rRNA gene
sequences of Aquifex pyrophilus, Geotoga subterranea,
Fervidobacterium islandicum, and Thermotoga maritima were used as
an outgroup to position the root.00
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for base-pairing idosyncrasities due to chimeric gene formation (Kopczynski et
al. 1994), as well as to identify signatures unique to the high G + C Gram-
positive phylum (Fig. 3.6). Clone 0M1 contained 5 of 6 sequence signatures
for the high G + C Gram-positive phylum as defined by Woese (1987),
including an "A" residue at E. coli position 906, a "C" residue at position 955, a
"C" residue at position 1207, a "G" residue at position 1229, and a "G" residue
at position 1410 (Fig. 3.6; numbering based on the E. coli 16S rRNA gene;
Brosius et al. 1978). At position 1198, clone 0M1 contained a "G" residue
instead of the high G + C signature "A" residue, though it is noted that a "G"
residue at this position is the bacterial consensus, and is found in a minor
percentage (<15%) of high G + C Gram-positive bacteria. A portion of the
helix in variable region 9 (V9, positions 1410-1435, 1466-1490; Dams et al. 1988)
was also reported by Woese as a high G + C Gram-positive rRNA signature
(Woese 1987). In the secondary structural model for clone OM1,nucleotide
sequence and base pairing within this helix was consistent with the high G + C
Gram-positive signature (Fig. 3.6).
Planctomvcetales. One clone from the OM library, 0M190, was found
to be closely related to the environmental clone AGG27, a 16S rDNA clone
PCR-amplified from phytodetrital marine aggregates collected from the Pacific
Ocean off the coast of California (99.6% similar; DeLong et al. 1993).
Neighbor-joining analyses indicated these two clones formed an extremely
deep evolutionary branch related to the Planctomycetale line of decent (Fig.
3.4; Schlesner and Stackebrandt 1986, Ward et al. 1995). Though the
phylogenetic tree in Fig. 3.4 was constructed from only ca. 425 nucleotides, the
unique position of 0M190 and AGG27 did not change when a longer mask of
ca. 1100 nucleotides was employed in neighbor-joining, parsimony, and81
Figure 3.6. Proposed secondary structural model of clone 0M1 16S rRNA.
Arrows indicate signature nucleotides of the Gram-positive high G
+ C 16S rRNA gene lineage, and the boxed area indicates a
conserved region within variable region 9 (V9) of the bacterial 16S
rRNA unique to members of this phylum. Numbers refer to
nucleotide positions in the E. coli 16S rRNA gene (Brosius et al.
1978). Target sites for the primers 27F and 1522R are indicated.8
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maximum-likelihood analyses (data not shown). Clone 0M190 had no
sequence similarities greater than 78-79% when compared to 16S rRNA gene
sequences from cultured bacteria available in Genbank and the RDP, the
lowest of any clone in the Ocean Margins library. A signature sequence
analysis comparing clones 0M190 and AGG27, members of the order
Planctomycetales, and corresponding bacterial consensus nucleotides revealed
0M190 and AGG27 contained 6 of 8 Planctomycetale nucleotide signatures
(Table 3.4; Woese 1987). 0M190 and AGG27 did not contain the single base
insertion after E. coli position 983 unique to members of the Planctomycetales,
and had the bacterial consensus nucleotide at E. coli position 955, one of the
two positions were it lacked a Planctomycetale signature base (Table 3.4).
Because of its unique phylogenetic position and lack of similarity to the 16S
rRNA gene sequences of cultured bacteria, a secondary structural model for
the 0M190 rDNA gene product was constructed (Fig. 3.7). No unusual base
pairing was observed within conserved helices, although the cloned molecule
was lacking ca. 90 bases on its 5' end, including the 27F PCR primer site. For
clone 0M190, the secondary structural element at variable region 2 (V2,
positions 140-223; Dams et al. 1988) of the bacterial 16S rRNA was most similar
to that of Isosphaera pallida and Planctomyces limnophilus, though the
Planctomycetales order as a whole are variable in this region.
Plastids. Fifty-five rDNA clones in the Ocean Margins library, or 33%
of the total recovered, branched within the oxygenic phototroph line of
descent. In particular, these clones affiliated with eukaryotic plastid 16S rRNA
genes, which form a monophyletic Glade within the cyanobacteria (Douglas
and Turner 1991, Giovannoni et al. 1988b). As previously reported, the two
most abundant plastid rDNA groups in the OM library were closely related to84
Table 3.4. 16S rRNA signaturesequence analysis of 0M190 and AGG27.85
Table 3.4
Position Consensus*
Planctomyces
and relatives* 0M190AGG27
353 A U U U
570 G U A A
933 G A A A
955 U C U U
983:1t U
1109 C A A A
1384 C U U U
1410 A G G G
1520 G C C n.d.t
*From Woese 1987.
t , no nucleotide at this position.
:n.d., no data available.86
Figure 3.7. Proposed secondary structural model of clone 0M190 16S rRNA.
Arrows indicate signature nucleotides of the Planctomyces 16S
rRNA gene lineage. Numbers and primers are as in Fig. 3.6.ntl
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the plastid 16S rRNAgene sequences from the Prymnesiophyceae (24 clones)
and Bacillariophyceae (19 clones; Rappe et al. 1995). Inaddition, OM clones
tentatively related to the Prasinophyceae (8 clones; V. Huss,pers. comm.), and
the Cryptophyceae (1 clone)were discovered (Table 3.3). A phylogenetically
close cultivated neighborwas not determined for three unique OM rDNA
clones that fall within the plastid 16S rDNA line of descent.
Oligonucleotide probe hybridizations. Of 213 transformants included
on the colony blots, 44 were later determined to be not of full length and thus
were not included in the library analysis. The taxon-specific oligonucleotide
probes listed in Table 3.1 were hybridized to the pinblotsto aid in identifying
clones belonging to potentially abundant rDNAgroups in the OM library
(data not shown). In addition to the clones identified bysequencing, 25 clones
were identified by the SAR86R probe, 21 by the HAP1 probe, 13 by the
SAR83R probe, 13 by the CHRYSI probe, and 4 by the SAR11A1 probe. Clones
identified by probe hybridization contributed to the total number for each
clone type listed in Table 3.3. All other clonegroups were identified solely by
partial or complete rDNA sequencing.
Coverage of the OM clone library. The termcoverage (C) describes the
fraction of a clone library of infinite size that would be sampled bya clone
library of smaller size (Good 1953; Giovannoni et al. 1995). Thus,coverage
estimates emphasize the fraction of genes (cells), rather than taxa, "covered" by
a library. Coverage values are derived from the equation:
C = 1 - (ni/N)89
where n1 is the number of unique clonesand N is the total number of clones
examined. Assuming clones whichare >97% similar are identical, the
coverage for the 169 clones analyzed here was 95%. This numbercompares
favorably with numbers published for smallerclone libraries from seawater
(Mullins et al. 1995). By its definition, thecoverage estimate provided above
pertains only to a hypothetical clone library of infinite size, derived fromthe
same PCR product used in the construction of the clone library described here.
Thus, any groups thatwere excluded by our choice of PCR primers (e.g.
Archaea, Eukarya) are not included in thecoverage analysis.
Chimeric and unique rDNAgenes. All OM clones were closely
examined for the possibility that theywere chimeric gene artifacts. First, all
rDNA gene sequences obtained in this studywere submitted to the RDP
program CHECK CHIMERA. This revealed evidence of chimericgene
formation in the partialgene sequence obtained for rDNA clone °M110, a
unique clone type in the OM library. Approximately 390nucleotides of
sequence information was determined from the 5' end of this clone,
corresponding to E. coli positions 8-400. CHECK_CHIMERAindicated a
fragment of 140 nucleotideson the 5' end of the sequence was closely related to
the y subclass of the Proteobacteria, includingthe marine isolate SCB111 and
clones 0M60 and 0M241. The remainingfragment of 250 nucleotides was
phylogenetically related to thea Proteobacteria and, in particular, to species in
the genus Azospirillum.
OM clones were analyzed further in twoways: first, secondary
structures were generated for all sequenced OM rDNA clonesto confirm their
predicted 16S rRNA gene products could be folded intoconsensus secondary
structures consistent with the general topological features of other established90
bacterial 16S rRNAs (data not shown exceptwere noted; Gutell 1994). In
addition, phylogenies and sequence similaritieswere derived from different
regions of the cloned 16S rDNAs to aid in the detection of chimeras (data not
shown; Robinson-Cox et al. 1995; Field et al. 1997). A phylogenetic analysis of
the nearly complete rDNA sequence for clone 0M27 indicated itwas related to
the Proteobacteria, but did not affiliate withany of its major subclasses (data
not shown). A CHECK CHIMERA analysis did not provideany evidence for
chimera formation, and failed to reveala potential break point in the molecule.
A secondary structural analysis of the entire rDNAsequence for 0M27
revealed an odd "bulge" caused byan insertion of six nucleotides after
position 246 of the E. coli 16S rRNA gene. To examine the proposition that this
position might be a potential break point, separate phylogenieswere generated
for the 240 nucleotides on the 5' end of the molecule, andca. 1000 nucleotides
on the 3' end. Due to the short length of the fragment on the 5' end of the
molecule, we could not resolve its phylogenetic position with confidence,
though it did not strongly affiliate withany of the major Proteobacterial
subclasses. This fragment contained the secondary structural element at V2 of
the bacterial 16S rRNA expected for thea Proteobacteria (data not shown,
Woese 1987). The 3' end of the moleculewas of similar phylogenetic position
to that of the entire rDNA sequence for clone 0M27; it did not reside within
any of the major subclasses of the Proteobacteria. The predicted secondary
structural model for the 3' fragment of clone 0M27 contained the expected
a Proteobacteria secondary structural element at V3 of the bacterial 16S rRNA
(Woese 1987). Phylogenetic analyses employing masks that incorporated
variable lengths of the 5' and 3' end of the rDNAsequence failed to reveal any
other potential break points in the molecule. In eachcase, 0M27 appeared as91
an independent line of descent within the class Proteobacteria. Based on the
above analyses, clone OM27was either a phylogenetically unique member of
the Proteobacteria, or a chimericgene artifact of a type that our current
techniques could not resolve.
3.5 Discussion
Microbial ecology is moving rapidly intoa new era in which focus is
shifting to the importance of uncultured species and the role of community
composition in ecosystem function. The study described here, which follows
this trend, was initiated under the auspices of the Department of Energy Ocean
Margins Program with the long term goal of understanding the carbon cycle in
the local region of the eastern continental shelfnear Cape Hatteras, NC. Our
immediate objectives were 1) to determine whether the bacterioplankton in
this region of the continental shelfwere similar to those which had been found
previously in open-ocean samples, and 2) to develop probes for the detection
of key species in ecological studies planned for the future. Althoughwe found
much overlap between coastal andopen-ocean bacterioplankton, we also
identified important differences. Among the most important observations was
the discovery of 13 proteobacterialgenes closely allied to known taxa of
obligate methylotrophic bacteria.
The evidence of methylotrophswas a surprise, since none had been
found in previous clone libraries from marine systems, and therewas nothing
about the study site to suggest that it, in particular, should be the locus of
unusual levels of C1 metabolism. The presence of these genes originating from
a Glade of Type I methylotrophs does not necessarily imply that C1 metabolism92
was a prominent feature of the carbon cycle at the study site. There isno firm
evidence that the organisms from which thegenes originated are indeed
methylotrophs or that, if they were methylotrophs, theywere actively engaged
in C1 metabolism. Nonetheless, the novelgenes branched from within the
methylotroph Glade, rather than formingan outgroup. The phylogenetic tree
in Fig. 3.1 shows the position of 0M43 relative to Methylophilus methylotrophus
and Methylobacillus flagellatum, but the Glade also includes Methylobacillus
glycogenes, Methylomonas methanolica, and Methylomonas methylovora. These five
species are all obligate methylotrophs which use the RuMP pathway for C1
assimilation and are unable to oxidize methane.
Although one aspiration of studies such as this is the discovery ofnew
phylogenetic groups, from an ecological standpoint, the finding that relatively
few taxa dominate the 16S rDNAgene distribution in this clone library is
encouraging, since it suggests that a tractably small set of oligonucleotide
probes might be sufficient for characterizing community ecology in future
studies. A majority of the bacterial rDNAs recovered in this clone librarywere
related to previously detected rDNA lineages cloned fromopen-ocean marine
habitats. In fact, nearly three fourths of the bacterial fraction of the OM library
were affiliated with four gene clustersthe SAR86 cluster (y Proteobacteria),
SAR83 cluster, SAR116 cluster, and SAR11 cluster (alla Proteobacteria). In
addition, a small number of clones in this library were related to three rDNA
lineages previously recovered from seawater, includinga lineage within the
flexibacter-cytophaga-bacteriodes line of descent, the high G + C Gram-
positives, and a phylogenetically distinct lineage remotely associated with the
Planctomycetales. The fact that these lineages have been recovered in
independent investigations of marine prokaryotic diversity from both93
oligotrophic open-ocean habitatsas well as this eutrophic continental shelf
seawater sample indicates that they are widespread in pelagic marine systems
and potentially important members of bacterioplankton communities.
rDNA gene clusters are related sets of genes whichare more similar to
each other than to any rRNAgene sequences from a cultivated organism
(Giovannoni et al. 1996a), and are commonly recovered in rDNA clone
libraries constructed from environmental samples (Giovannoni et al. 1990a;
De Long 1992; De Long et al. 1993; Fuhrman et a1.1993). Froma phylogenetic
perspective, gene clusters resemble gene clades from cultivated organisms, but
because gene cluster sequencescome from uncultivated organisms, it is not
known whether they represent separate cellular lineages. An analysis of the
16S rRNA gene sequences from the seven n-n operons of E. coli strain PK3
(Cilia et al. 1996) revealed inter-operon similarities between 98.9%-100.0%,
indicating that the divergence between n-n operons of thesame organism may
explain the shallowest branches in an environmental gene cluster, but is not
sufficient to explain the high degree ofsequence divergence characteristic of
the gene clusters described here. Recently, we have reported evidence that the
genetic diversity within the SAR11 gene cluster includes gene lineages which
exhibit different depth-specific distributions (Field et al. 1997), but little
information is currently available on the ecological significance of themany
gene clusters recovered in this analysis.
In this study, we determined complete sequences from a large number
(16) of gene clones and multiple partial gene sequences for representatives of
gene clusters that had been identified in previous studies. An alternative
strategy would have been to be identify larger numbers of clones with
fragmentary gene sequences, thereby increasing the chances of identifying94
evolutionarily novel gene clones. Our choice of rDNAgene sequencing
strategy was dictated by our long-term goal of understanding the ecology of
marine bacterioplankton by applying oligonucleotide probes and other genetic
methods to large numbers of environmental samples. For thispurpose,
complete gene sequences offer the important advantage of providing the
experimentalist with a larger number of potential variable regions to be
considered in the design of oligonucleotide probes. Since theprocess by which
substitutions are accumulated in gene lineages is random, theoccurrence of
suitable probe sites for ecological studies cannot be guaranteed through the
inspection of only a small domain of the 16S ribosomal RNA molecule. In
principle, the greater number of potential probe hybridization sites made
available by complete sequences can lead to the selection of probes which have
a higher specificity, and also to the design of multiple hybridization probes,
which can increase the resolution of in situ hybridization studies basedon the
use of fluorescent rDNA probes. A second reason for determining complete
gene sequences is that they permit comparisons between data obtained by
different investigators. For example, previous investigations of 16S rDNA
clones from the Atlantic and Pacific Oceans (Schmidt et al. 1991; Furhman et al.
1993) examined parts of the 16S ribosomal RNA gene which did not overlap,
preventing direct comparisons between these data sets. A third reason for
determining complete gene sequences is that they offer a higher degree of
phylogenetic resolution. This attribute of longer nucleotidesequences is
particularly important when the subject in question is a lineage which
branches deeply from within the bacterial phylogenetic tree and displays
uncertain affiliations with known phylogenetic groups, as in the case of
SAR202 (Giovannoni et al. 1996b), SAR406 (Gordon and Giovannoni 1996), the95
marine Gram-positive group (Fuhrman et al. 1993), and the AGG27/0M190
lineage (De Long et al. 1993).
There are also compelling reasons to determine multiplegene sequences
from members of a single gene cluster. In suchcases, a single gene sequence is
usually sufficient to determine the phylogenetic position of thegene cluster
relative to known microbial groups. However, for thepurpose of designing
hybridization probes, multiple genesequences offer powerful advantages
because they permit the selection of probe hybridization sites thatare either
common to many members of a gene cluster, or to specific sub-branches within
a phylogenetic cluster. In the case of the SAR11 cluster, these advantages
appear to be ecologically significant (Field et al. 1997).
The methods employed here are not without limitations and potential
biases of their own. Although suchconcerns are widely expressed, no
methodological biases have yet been described that would invalidate the broad
conclusions reached by studies suchas these. Indeed, it is particular
interesting to note the general congruence between 16S rDNA sequencing
studies which differed significantly in the methodologies employed
(Giovannoni et al. 1995; Mullins et al. 1995). We have recently reported biases
which can be introduced by PCR incases where product concentrations rise to
high values during late rounds of replication, but these biasesserve to
increase, rather than decrease, the diversity of genes in PCR products derived
from natural systems (Suzuki and Giovannoni 1996). It is important to note
that even if this clone library accurately reflected the relative abundance of
rRNA gene types in the original sample, the abundance of rRNAgenes and
organism abundance in the environment may differ due to variations in rRNA
gene copy number and genome size between taxa (Farrel ly et al. 1995).96
The composition of this clone librarywas decidedly different than those
from previous open-ocean studies, although therewas substantial overlap.
Given the locale of our sampling site, the frequency of plastidgenes and lack
of prokaryotic oxygenic phototrophs in this clone library did notcome as a
great suprise. In many coastal pelagic ecosystems, the biomass of eukaryotic
phytoplankton often outweighs that of prokaryotic oxygenic phototrophs by
several orders of magnitude (e.g. Murphy and Haugen 1985; Glover et al. 1986;
Marshall and Ranasinghe 1989). Data from the cruiseour sample originated
from showed that, in addition to outweighing prokaryotic oxygenic
phototrophs by 2-3 orders of magnitude, eukaryotic phytoplanktonwere often
numerically more abundant than their cyanobacterial counterparts (Verity et
al. 1996). Other factors may have contributed to the abundance of plastid
rRNA genes in this clone library, including the absence ofa pre-filtration step
in our sample collection, the multiplicity of chloroplasts in many
phytoplankton taxa, and the multiplicity of plastid genomes within these
plastids. As in previous studies of this type, there appeared to be little overlap
between rDNA clone sequences and those of cultured marine bacteria, with
only four clones in the Ocean Margins library described here showed greater
than 95.0% similarity to the rRNAgene sequences of cultured bacteria.
Investigations using oligonucleotide probes for specific taxa have begun
to reveal pronounced temporal and spacial patterns in the distributions of
some bacterial groups in pelagic ocean environments (Giovannoni et al. 1996b;
Gordon and Giovannoni 1996). The significance of these observations and
their generality with respect to the complex hydrology of the Cape Hatteras
area cannot be established without investigating a large number of water97
samples. By identifying potentially abundant bacterioplankton in thisregion,
we have taken the first step towards this goal.
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4.1 Abstract
The scope of marine phytoplankton diversity is inmany respects
uncertain because, like bacteria, these organisms sometimes lack defining
morphological characteristics andcan be a challenge to grow in culture. Here
we report the recovery of phylogenetically diverse plastid SSU rRNA gene
clones were recovered from natural plankton populations collected in the
Pacific Ocean off the mouth of Yaquina Bay, Oregon (OCS clones), and from
the eastern continental shelf of the United States off Cape Hatteras, North
Carolina (OM clones). The SSU rDNA clone librarieswere prepared by
amplifying rRNA genes from nucleic acids isolated from the plankton samples,
and cloning them into plasmid vectors. The PCR primers used for the
amplification reactions were designed to be specific for bacterial SSU rRNA
genes; however, plastid genes share a common phylogenetic origin with
bacteria and were common in both SSU rRNAgene clone libraries. A
combination of restriction fragment length polymorphism analyses, nucleic
acid sequencing, and taxon-specific oligonucleotide probe hybridizations
revealed that 54 of the 116 SSU rRNAgene clones in the Oregon Coast Study
(OCS) were of plastid origin. Collectively, the clones from the OCS and OM
libraries formed at least eight unique lineages within the plastid radiation,
including gene lineages related to the Bacillariophyceae, Cryptophyceae,
Prymnesiophyceae, Chrysophyceae, and Prasinophyceae, as wellas a number
of unique clones for which close phylogenetic neighbors could not be
identified with confidence. Only a group of two OCS rDNA clones showed
close identity to the plastid SSU rRNAgene sequence of a cultured organism
(Emiliania huxleyi (Lohmarm) Hay et Mohler, 99.8% similar). The remaining
clones could not be identified to the genus or species level. Although cryptic106
species are not as prevalent among phytoplankton as among their bacterial
counterparts, this genetic survey nonetheless uncovered significant new
information about phytoplankton diversity, presumably because it
circumvented the pitfalls of systematics based on morphology alone.
4.2 Introduction
Eukaryotic phytoplankton in the ultraplankton size range (cells < 5-10
gra in diameter) are recognized as important members of the photosynthetic
assemblage in the world's oceans (Hoepffner and Haas 1990, Johnson and
Sieburth 1982, Joint 1986, Murphy and Haugen 1985). These small cells make
up a majority of the eukaryotic plankton cells present in the phytoplankton
mass in many, if not most pelagic marine habitats including the oligotrophic
open-ocean and ocean margin environments (Courties et al. 1994).
The identification of ultraphytoplankton, either in natural communities
or clonal cultures, is often hindered by their small size and lack of
taxonomically informative morphological features. In addition, many of the
smaller plankton cells are difficult to or have thus far completely evaded
culture. The taxonomic identification of small eukaryotic phytoplankton often
must involve the laboreous techniques of electron microscopy, HPLC, or
immunological cross-reactivity. Identification of individual cells at the class
level is often difficult at best, and is rarely accomplished with the ease and
speed neccessary to analyze large numbers of field samples.
More recently, the identification of small eukaryotic phytoplankton has
benefited from the application of molecular techniques. Many of the more
recent descriptions of phytoplankton taxa include sequence analyses of107
conserved genes such as the nuclear-encoded 18S rRNA gene (Andersen et al.
1993). As well as aiding in the placement of the newly described
microorganism in a phylogenetic and taxonomic framework, the use of
conserved gene sequences provides information that can be employed in the
construction of taxon-specific oligonucleotide probes (Knauber et al. 1996,
Lange et a1.1996, Miller and Scholin 1996, Simon et al. 1995).
Nucleic acid probing has become a common approach in assessing the
diversity of microorganisms in natural communities (Amann et al. 1995). In
pelagic marine environments, the focus has been on prokaryotic plankton,
including organisms from the domains Bacteria and Archaea. The findings have
been dramatic many novel bacterioplankton and archaea have been described
by only their rDNA sequences, most having thus far evaded culuture in the
laboratory. Oligonucleotide probes based on SSU rRNA gene sequence
signatures are now being designed for widespread application to ecological
problems, including determining the distribution of prokaryotic plankton in
their natural habitats (Alfreider et al. 1996, De Long et al. 1994, Giovannoni et
al. 1996, Gordon and Giovannoni 1996). rRNA probes constructed from
taxonomic groups within the ultraplankton size class can be used in future
studies to identify cells rapidly in field samples (Simon et a1.1995).
This study was undertaken to examine the diversity of bacterioplankton
in coastal Oregon seawater. The Oregon coast represents an unusual area of
high productivity with wind-driven coastal upwelling processes seasonally
dominating the region's oceanography (Huyer 1977, Huyer 1983). Similar
hydrographical events occur in both the northern and southern hemispheres
along eastern ocean boundaries (Barber and Smith 1981). The high nutrient
availability in these regions results in high productivity, such that they may be108
responsible for half the world's catch of fish even though they represent only
0.1% of the world's surface area (Ryther 1969). High phytoplankton
abundance and elevated levels of primary productionare characteristic of the
Oregon coast during upwelling events (Hood et al. 1992, Small and Menzies
1981). The fortuitous recovery of plastid-derived SSU rRNAgene clones from
two clone libraries prepared from natural plankton populations off the Pacific
and Atlantic coasts of the United States allowedus to assess the phylogenetic
diversity of phytoplankton present in these locales independent of the ability
to culture cells present in the original samples. Herein, we show that most of
the plastid-dervided rDNA clones recovered belong to several classes of
eukaryotic algae which are known to contain marine phytoplankton members
(Chretiennot-Dinet et al. 1993). However, several rDNA clones did not
affiliate with any currently available plastid SSU rRNAgene sequences.
4.3 Materials and methods
Construction of the Oregon Coast Study (OCS) rDNA clone library has
been partially described in (Suzuki et al. 1997), while construction of the Ocean
Margins (OM) rDNA clone library has been described by Rappe and co-
workers (Rappe et al. 1995, Rappe et al. 1997). Herein,we provide details of
the construction and analysis of the OCS clone library not provided elsewhere.
Sample collection and nucleic acid isolation. On 28 April 1993, a 16 L
plankton sample was collected from a depth of 10 m at a station located 8 km
west of Yaquina Bay, Oregon (44°39.1'N, 124°10.6'W). Water depth was ca. 50
m at the sampling site. The water was pre-screened through 10 gm nylon
mesh and immediately transported in autoclaved polyethylene carboys to the109
laboratory, where the plankton samplewas collected by filtration onto 0.2 tim
polysulfone filters (Supor-200, Gelman Inc., Ann Arbor, MI). Total cellular
nucleic acids were isolated by cell lysis with proteinase K and SDS, and
phenol/chloroform extraction as previously described (Giovannoni et al. 1990,
Suzuki et al. 1997).
Clone library construction. SSU rRNA geneswere amplified from the
environmental sample of genomic DNAs using two general bacterial SSU
rRNA primers, Pfu DNA polymerase (Stratagene, La Jolla, CA), and the
polymerase chain reaction (PCR) (Saiki et al. 1988) as previously described
(Suzuki et al. 1997). The amplification products from six reactions were pooled
and inserted into the Sinai restriction site of the phagemid vector pBluescript
KSII- (Stratagene) by blunt-end ligationas previously described (Giovannoni
et al. 1990, Suzuki et al. 1997), and used to transform competent E. con XL1-
blue cells (Stratagene). Positive (white colony morphotype) transformants
were streaked for isolation, and stored in both stab cultures and DMSO.
Clones were numbered discontinuously from 1-182 and assigned the prefix
OCS (Oregon Coast Study).
Restriction fragment length polymorphism (RFLP) analysis. All gene
clones containing full-length inserts were characterized by HaeIII RFLPsas
previously described (Suzuki et al. 1997). Briefly, insert-bearing plasmids,
isolated by alkaline lysis, were used as templates in the amplification of
environmental clone rDNAs by the PCR employing thesame primers as used
previously to amplify the rRNA genes. Since all of the PCR reactions yielded
similar amounts of product, 71.1.1 of non-purified PCR products were digested
with 3 units of the restriction endonuclease HaeIII (Promega) for 2 h. The
restriction fragments were resolved by gel electrophoresis in 3% NuSieve low110
melting point agarose (FMC, Rockland, ME) in 1X TAE and stainedwith
ethidium bromide (0.5 ggmL-1).
rRNA gene sequencing and_phylogenetic analyses. Template plasmid
DNAs for sequencing were prepared by alkaline lysisas previously described
(Suzuki et al. 1997). Clonesequences submitted to Genbank were sequenced
on both stands with either an ABI model 377 or 373a automated sequencer
(Applied Biosystems, Foster City, CA), dye-terminator chemistry,and
conserved bacterial SSU rRNA primers (Lane 1991). DNAsequence data from
cloned SSU rDNA geneswere manually aligned to bacterial and plastid
sequences obtained from Genbank and the Ribosomal Database Project (RDP)
(Maidak et al. 1994) using the Genetic Data Environment (GDE) v2.2sequence
analysis software package.
Evolutionary trees were constructed by distance, maximumparsimony,
and maximum likelihood methods. Each phylogenetic analysis employed
conservative phylogenetic masks which only included regions of unambiguous
alignment. In addition, all phylogenetic analyseswere repeated multiple times
with different taxa employedas an outgroup. The Phylogeny Inference
Package (PHYLIP v3.5c) (Felsenstein 1989)was used for phylogenies
constructed from evolutionary distance matrices. Evolutionary distanceswere
calculated from pair-wise sequence similarities with the Kimura 2-parameter
model for nucleotide change anda transition/transversion ratio of 2.0 (Kimura
1980) using the program DNADIST. Theprogram NEIGHBOR was used to
reconstruct phylogenetic trees from the evolutionary distance matrices by the
neighbor-joining method (Saitou and Nei 1987). Relative confidence in
monophyletic groups withing each phylogenetic analysiswas estimated by111
bootstrap analyses, which included 100 replicate resampled datasets with
random sequence addition and global rearrangement (Felsenstein 1985).
Test versions of PAUP* written by David L. Swoffordwas used for all
maximum parsimony, maximum likelihood, and LogDet phylogenetic
analyses. Maximum parsimony and maximum parsimony bootstrap analyses
were performed by a heuristic search method, with tree bisection-reconnection
and MULPARS options. Maximum likelihood calculations employed
nucleotide frequencies estimated from the data, witha transition/trasversion
ratio of 2.0. Bootstrap analyeswere performed as above.
Secondary structure analysis and identification of chimeras. Several
methods were employed to verify the integrity of thesequence data and aid in
the detection of chimericgene artifacts. First, the program gRNAid v1.4,
provided by Shannon Whitmore (Mentor Graphics, Wilsonville, OR)was used
to construct secondary structural models for all sequenced SSU rDNAs. These
models were manipulated manually for optimal agreement with published
SSU rRNA secondary structures (Gutell 1994), and the nature and location of
mutations was analyzed. Second, allgene sequences were submitted to the
RDP program CHECK_CHIMERA (Maidak et al. 1994), whichcan be fairly
proficient at detecting chimericgene artifacts created from parent sequences
that are no greater than ca. 84% similar (Robinson-Cox et al. 1995).
Phylogenetic trees were also constructed and compared from different regions
within single rRNA clones, under the assumption that if two regions ofan
rDNA clone originated from different parental rRNAgenes, they will separate
into different lineages that reflect the phylogeny of their different parent rRNA
sequences (Field et al. 1997, Robinson-Cox et al. 1995).112
Oligonucleotide probe hybridizations. To help in identifying unique
SSU rDNA clones, taxon-specific oligonucleotide probeswere used to screen a
dot blot of 32 clones representing 23 RFLP patterns. For the selected clones,
PCR amplicons from the RFLP analysiswere purified with a Qiaquick-spin
PCR purification kit (Qiagen, Chatsworth, CA). For each amplicon, 30ng of
product were resuspended in 180 Ill of TE buffer. Productswere denatured by
the addition of 20 Al of 2.0 N NaOH and incubated 10 min atroom
temperature prior to blotting on Zetaprobe nylon membrane (BioRad). Each
well was washed with 200 µ12x SSPE (lx SSPE: 0.18 M NaC1, 10 mM NaPO4,
pH7.2, 1mM EDTA) to neutralize the NaOH. The membranewas dried under
vacuum at 80°C for 15 min, exposed to 120 Joule/m2 of 260 nm UV radiation,
and stored desiccated before probing.
The following oligonucleotide probes were hybridized to the OCS
unknown dotblot 338R (TH=45°) (Amann et al. 1990), SAR83R (TH=45°)
(Rappe et al. 1997), SAR11A1 (TH= 37°C) (Field et al. 1997), SAR86 (TH=45°C)
(Rappe et al. 1997), CHRYS1 (TH=45°C) (Rappe et al. 1995), and HAP1
(TH=45°C) (Rappe et al. 1995). The TH (probe hybridization stringency
temperature) for each probe was determined empirically by washing at
successively higher temperatures. All probes used in this study were
constructed with an Applied Biosystems automated DNA synthesizer and
were [32P]- labeled on their 5' termini with T4 polynucleotide kinase as
previously described (Giovannoni et al. 1988).
Prior to each probe hybridization, the OCS unknown blot was
prehybridized in 15 mL Z-hyb buffer (1.0 mM EDTA, 0.50 mM NaH2PO4 pH
7.2, 7.0% SDS) for 45-60 min at room temperature. After decanting the pre-
hybridization buffer, the blot was hybridized in 6.0 mL Z-hyb buffer113
containing 200 ti.L of [32P]- labeled oligonucleotide (25-50ng of
oligonucleotide) for 8-16 h at room temperature. The blotwas washed three
times for 15 min each in 25 mL wash buffer [0.2X SSPE (150 mM NaC1, 1.0mM
EDTA, 10 mM NaH2PO4 H2O pH 7.4), 0.1% SDS]at room temperature, and
one time for 30 min at the probe TH. The blot was stripped of probe by
washing three times in 25-50 mL wash buffer at 70°C for 10 min each wash.
Individual probe hybridizationswere visualized using a Molecular Dynamics
Phosphor Imager SI (Molecular Dynamics, Sunnyvale, CA)as well as
autoradiographically with X-ray film.
LH-PCR genescan. Genomic DNAwas extracted as described above from
two 4 liter seawater subsamples taken from thesame sample used in the
construction of the OCS clone library. The first subsample receivedno
treatment, whereas the second subsample was screened througha 0.8 gm
polycarbonate membrane (Poretics, Livermore, CA). 10ng of purified genomic
DNA from each subsamplewas used as template for PCR. The forward
primer, 27F (5'-AGAG I 11GATCMTGGCTCAG-3'),was 5'-end-labeled with
the phophoramidite dye 6-FAM, supplied by Applied Biosystems Inc. (ABI).
The general bacterial primer 338R (5'-GCTGCCTCCCGTAGGAGT-3')was
employed as the reverse primer. Labeled PCR productswere purified using
Qiaquick-spin columns (Qiagen). Ten fmoles of DNAwere discriminated by
Long Ranger (FMC, Rockland, ME) PAGE inan ABI 377 automated DNA
sequencer (ABI) in Genescan® mode. Genescan estimates the lengths of bands
in the gel, measures the integrated fluorescence emission by the bands, and
outputs an electropherogram in which the bandsare represented by peaks and
the integrated fluorescence of each band is thearea under the peaks. Since the
integrated fluorescence increased linearly with concentrationup to 50 fmol of114
PCR products (data not shown), itwas assumed that the relative proportion of
the integrated fluorescence of each peak corresponded to the proportion of
each amplicon in the PCR products. We then calculated the ratio between the
integrated fluorescence of each of the peaks and the total integrated
fluorescence of all peaks.
Accession numbers. Nucleotide sequences were filed in Genbank under
the following accession numbers: OCS20, AF001654; OCS31, AF001655;
OCS50, AF001656; OCS54, AF001657; OCS56, AF001658; OCS162, AF001659;
OCS182, AF001660; 0M134, AF001661.
Genbank accession numbers were obtained previously for the following
environmental clone rDNAs used in this study: 0M20 (U32670) and 0M21
(U32671) (Rappe et al. 1995); 0M5 (U70715), 0M39 (U70716), 0M81 (U70717),
0M111 (U70718), 0M125 (U70719), 0M153 (U70720), 0M164 (U70721), OM255
(U70722), 0M270 (U70723), 0M283 (U70724) (Rappe et al. 1997).
4.4 Results
The OCS clone library. Of 182 putative positive transformants (white
colonies) in the OCS library, 116 clones were shown to have inserts of the
correct size (1.5 Kb) by gel electrophoresis of both plasmids and amplicons
derived from plasmids (data not shown). Haan RFLP analyses revealed 37
different banding patterns distributed among the OCS clones, with 19 OCS
clones containing unique HaeIII RFLP patterns. Except where noted below,a
minimum of two clones from all RFLP types containing two or more clones, as
well as all clones with unique RFLP banding patterns,were sequenced.
Cursory phylogenetic analyses identified 54 OCS SSU rDNA clones (8 different115
RFLP banding patterns) as members of the plastid line of descent. An
additional clone with a unique RFLP banding pattern was identified as
plastid-related based on its hybridization with a taxon-specific nucleotide
probe.
Prymnesiophyceae. SSU rRNA gene sequences from prymnesiophyte
algae plastids formed a monophyletic cluster, strongly supported by both
neighbor joining (100 of 100 replicates) and maximum parsimony (100 of 100
replicates) bootstrap analyses, within the line of descent that includes
rhodophyte plastids and plastids derived from secondary symbioses (Fig. 4.1).
Sequenced clones from two RFLP types within the OCS library (RFLP types I
and IX) were found to be related to prymnesiophyte algae plastid SSU rRNA
genes (Figs. 4.1, 4.2; Table 4.1). RFLP type I, represented by OCS31 in Figs. 4.1
and 4.2, consisted of 30 clones, or 56% of the plastid SSU rDNA clones
recovered in the OCS clone library. OCS31 was most closely related to 0M21,
an SSU rDNA clone recovered off the coast of Cape Hatteras, North Carolina
(97.6% similar for 1470 nucleotide positions). These two environmental clones
form a monophyletic cluster in the phylogenies depicted in Figs. 4.1 and 4.2,
though bootstrap support for this cluster was low for full length sequences
under maximum parsimony criteria (69 of 100 replicates).
RFLP type IX consisted of 3 clones in the OCS library (6% of the plastid
clones; Table 4.1), and is represented by OCS50 in Fig. 4.2. OCS50 was closely
related to the plastid SSU rRNA gene sequence available for the
prymnesiophyte Emiliania huxleyi (Lohmann) Hay et Mohler (99.8% similar for
955 nucleotide positions). Bootstrap support for the monophyletic clustering of
OCS50 and Emiliania huxleyi was high in both the neighbor joining (100 of 100116
Table 4.1. Frequency and phylogenetic affiliation of plastid-derived rDNA
clones in the OCS library.117
Table 4.1
RFLP type
Phylogenetic
affiliation
No.
recovered
Representative
clones*
Sequence
lengtht
Genbank
access. #
I Prymnesiophyceae 30 OCS31 1472 AF001655
IX 3 OCS50 956 AF001656
III Bacillariophyceae 9 OCS54 1478 AF001657
XI 2 OCS56 554 AF001658
XXX 1 OCS129 n.d.f
V Cryptophyceae 6 OCS20 1479 AF001654
XVII Prasinophyceae 2 OCS162 1490 AF001659
XXXVI 1 OCS182 1482 AF001660
*identical sequences were not filed in Genbank.
tincludes sequence for the primers used in the amplification of environmental
nucleic acids
tn.d. = no sequence was determined.118
Figure 4.1. Phylogenetic relationships between OCS and OM plastid rDNA
clones and the plastid SSU rRNA gene sequences from cultured
organisms. This phylogenetic tree was constructed by the
neighbor joining method using a LogDet matrix as input (Lockhart
et al. 1994). A conserved mask of 987 nucleotides spanning the
entire length of the plastid SSU rRNA gene was included in the
analyses. Bootstrap values (100 replications) generated with the
neighbor joining method and the Kimura 2-parameter model for
nucleotide change are shown above relevent nodes, while values
from a maximum parsimony bootstrap analysis are shown below
relevent nodes. All sequences except Corethron criophilum (Medlin,
unpubl. data), Cyanidium caldarium (Giovannoni, unpubl. data),
Closterium ehrenbergii, Chlamydomonas parkeae, Yamagishiella
unicocca, and Pyramimonas parkeae (Kim et al. 1994) are available
from the Genbank or RDP database.100
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Figure 4.2. Phylogenetic position of OCS and OM plastid rDNA clone
sequences related to the Prymnesiophyceae. This phylogenetic
tree was constructed by the maximum likelihood method
(fDNAm1) (Olsen et al. 1994). Bootstrap values (100 replicates) for
both distance analyses (above the node) and maximum parsimony
(below the node) are shown. A mask of 750 nucleotides
corresponding to the 5' end of the plastid SSU rRNA gene was
employed in the analysis. The plastid SSU rRNA gene sequences
from the cryptophyte algae Guillardia theta and Rhodomonas salina
were used to root the phylogenetic tree.0.02 substitutions
per nucl. position 76
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replicates) and maximum parsimony (97 of 100 replicates) bootstrap analyses
(Fig. 4.2).
Bacillariophyceae. SSU rDNA gene sequences from bacillariophyte
algae plastids formed a monophyletic cluster within the heterokont algae line
of descent that was strongly supported by both the neighbor joining (100 of 100
replicates) and maximum parsimony (98 of 100 replicates) bootstrap analyses
depicted in Fig. 4.1. Three RFLP types in the OCS library (RFLP types III, XI,
and XXX) were related to bacillariophyte plastid SSU rRNA genes (Table 4.1).
RFLP type III consisted of 9 clones (17% of the OCS plastid clones), and is
represented by OCS54 in Fig. 4.1. Though not closely affiliated with any
plastid SSU rRNA gene sequences available from cultured diatoms, OCS54
clearly emerged within the bacillariophyte SSU rDNA Glade (Fig. 4.1). OCS56,
representing RFLP type XI (2 clones, 4% of the OCS plastid clones), also did
not specifically affiliate with any currently available bacillariophyte plastid
SSU rRNA gene sequences, but clearly branched within the bacillariophyte
SSU rDNA Glade as well (data not shown). OCS129, a unique clone in the OCS
library (RFLP type XXX), was identified as related to bacillariophyte plastid
SSU rRNA genes by its hybridization with the bacillariophyte-specific probe
CHRYS1 (data not shown), and was not sequenced.
Cryptophyceae. One RFLP type within the OCS library (RFLP type V; 6
clones or 11% of the plastid clones recovered) was related to cryptophyte algae
SSU rRNA genes (Table 4.1). Represented by OCS20, RFLP type V branched
within the cryptophyte plastid SSU rRNA gene Glade, specifically affiliating
with the cryptophyte Rhodomonas sauna (95.9% similar for 1479 positions; Fig.
4.1). Together with 0M283, a unique clone from the OM SSU rDNA clone
library, OCS20 formed a monophyletic Glade with the Rhodomonas salina and123
Guillardia theta plastid SSU rRNAgenes within the rhodophyte plastid and
plastids derived from secondary symbioses line of descent in the plastid SSU
rRNA gene tree depicted in Fig. 4.1. This Glade received high bootstrap
support in both the neighbor joining (100 of 100 replications) and maximum
parsimony (92 of 100 replications) bootstrap analyses (Fig. 4.1).
Prasinophyceae. Three clones representing two RFLP types in the OCS
clone library formed two separate lineages with the Chlorophyta (green
chloroplast) line of descent (RFLP types XVII and XXXVI, Table 4.1). Two
clones with RFLP type XVII were represented by OCS162 in Figs. 4.1 and 4.3
(Prasinophyte I lineage). OCS162 showeda close phylogenetic affiliation with
the plastid SSU rRNA genesequence from the prasinophyte algae Pyramimonas
parkeae (Kim et al. 1994), well supported by both neighbor joining (100 of 100
replicates) and maximum parsimony (100 of 100 replicates) bootstrap analyses
of full length SSU rRNA genesequences (92.8% similar for 1414 positions; Fig.
4.1). Phylogenetic positioning of the prasinophyte Glade represented by
OCS162 and Pyramimonas parkeae within the green chloroplast line of descent
could not be determined with confidence from the availablegreen plastid SSU
rRNA gene sequence data set (Fig. 4.3). Instead, this lineage appeared to
diverge very early in the evolution of thegreen chloroplast line of descent
under a wide range of phylogenetic reconstructions utilizing the full length
SSU rRNA gene sequence, including maximum likelihood (Fig. 4.3), LogDet
(Fig. 4.1), distance (Kimura 2-parameter model with neighbor joining; Figs. 4.1,
4.3), and maximum parsimony analyses (Figs. 4.1, 4.3).
A secondary structural model for the rRNA gene sequence of OCS162
was constructed to check for base-pairing idosyncrasities due to sequencing
errors and chimeric gene formation (Kopczynski et al. 1994), as well as to124
Figure 4.3. Phylogenetic position of representative OCS and OM rDNAclones
related to the Chlorophyta line of descent. This phylogenetic tree
was constructed by the maximum likelihood method (fDNAml)
(Olsen et al. 1994). Bootstrap values (100 replicates) for both
neighbor joining (above the node) and maximum parsimony
(below the node) are shown. A conserved mask of 1133
nucleotides spanning the entire length of the plastid SSU rRNA
gene was included in the analysis. The gene sequences of
Cyanophora paradoxa, Ochrosphaera neapolitana, Emiliania huxleyi, and
Isochrysis str. SAG927-2 were used to root the phylogenetic tree.
All sequences except Closterium ehrenbergii, Chlamydomonas parkeae,
Yamagishiella unicocca, Gonium pectorale, and Pyramimonas parkeae
(Kim et al. 1994) are available from the Genbankor RDP database.87
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identify signatures unique to the prasinophyte lineage defined by OCS162 and
Pyramimonas parkeae (Fig. 4.4). The majority of nucleotide substitutions
between OCS162 and Pyraminonas parkeaewere compensatory base changes
that preserved the integrity of the SSU rRNA secondary structureacross
regions of double-stranded base pairing, or occurred in highly variable loop
regions (Fig. 4.4). Though clearly related phylogenetically, 0C162 and
Pyramimonas parkeae showed significant structural variation in two
hypervariable regions of the bacterial SSU rRNA secondary structure [variable
regions as in (Dams et al. 1988)]. Variable region two of the Pyramimonas
parkeae plastid SSU rRNA secondary structural model containedan insertion of
27 nucleotides relative to that of OCS162. In addition, the secondary structural
model for OCS162 contained a 9 nucleotide deletion in variable region seven
relative to Pyramimonas parkeae. The structural variation observed in variable
region two for these two related SSU rRNA genes is consistent with structural
variation observed in other other groups of closely related bacterial rRNA
genes (Giovannoni et al. 1996, Wright et al. 1997). However, structural
variation in variable region seven of the bacterial SSU rRNA gene has been
observed in only a limited number of the major bacterial phyla (Woese 1987).
Deletions in this region of the bacterial SSU rRNA secondary structure appear
to be common in the plastid SSU rRNA gene lineages we have examined.
A unique clone in the OCS library, OCS182 (RFLP type XXXV1), was
phylogenetically affiliated with 0M5, a SSU rDNA gene clone recovered in the
OM SSU rDNA clone library (Figs. 4.1, 4.3). The LogDet analysis shown in
Figure 4.1 revealed the Glade defined by OCS182 and 0M5 was a deeply
branching member of the green plastid line of descent. A maximum likelihood
phylogenetic analysis which included full length sequences and more127
Figure 4.4. Proposed secondary structural model for clone OCS162 SSU rRNA.
Boxed areas indicate variable regions in the SSU rRNAgene
product distinguishing OCS162 from Pyramimonas parkeae.
Variable regions of the bacterial SSU rRNA are numbered as in
Dams et al. (1988). Numbers refer to nucleotide positions in the E.
coli SSU rRNA gene (Brosius et al. 1978). Target sites for the
primers 27F and 1522R are indicated.S
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members of the green plastid line of descent showed the OCS182/0M5 lineage
to affiliate with the Chlamydophyceae class of single-celled algae
(Prasinophyte II lineage, Fig. 4.3). This affiliationwas only weakly supported
by both neighbor joining (<60 of 100 replicates) and maximum parsimony (68
of 100 replicates) bootstrap analyses (Fig. 4.3), though itwas also recovered in
a LogDet analysis of the green plastid data set (data not shown). As in the
Prasinophyte I lineage described above, the Prasinophyte II lineage appeared
to diverge early in the evolutionary history of the green chloroplasts.
Phylogenetic analyses of six members of the OC.S182/0M5 Glade revealed the
clones fell into three closely related though well-defined lineages (Fig. 4.5).
One lineage consisted of the Oregon Coast clone (OCS182) alone, while two of
the lineages consisted of OM clones from the continental shelf off Cape
Hatteras, North Carolina (Fig. 4.5). The OCS182/0M5 Glade was determined
to be closely related to prasinophyte algae plastids by phylogenetic analyses
with an unpublished prasinophyte plastid SSU rRNAgene sequence (Huss
1997).
The OM clone library. In addition to the OM plastid rDNA clones
described above and in Rappe et al. (1995), three clones in the OM SSU rDNA
clone library formed unique lineages within the plastid radiation defined by
the rhodophyte plastids and plastids derived from secondary symbioses.
0M81 and 0M164 both affiliated with rhodophyte plastids and plastids
derived from secondary symbioses in the LogDet analysis shown in Fig. 4.1.
0M164 did not specifically affiliate with any classes of algae containing
members with available plastid SSU rRNA gene sequences (Fig. 4.1).
However, 0M81 associated with the chrysophyte alga Ochromonas danica
(91.4% similar for 1272 nucleotide positions), a relationship supported by both130
Figure 4.5. Phylogenetic relationships between OCS and OM clones relatedto
the Prasinophyceae II lineage, constructed by the maximum
likelihood method (fDNAml) (Olsen et al. 1994). This analysis
included a mask of 382 nucleotides corresponding to the 5' end of
the plastid SSU rRNA gene. Bootstrap replicates (100 resamplings)
were performed by distance methods (above the node) or
maximum parsimony (below the node). Bootstrap values below
50% are not shown. Chloroplast SSU rRNA sequences from the
charophytes Chara sp. and Klebsormidium flaccidumwere used to
root the tree.0.05 substitutions
per nuci. position
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neighbor joining (100 of 100 replicates) and maximum parsimony (100 of 100
replicates) bootstrap proportions employing the entire length of the SSU rRNA
gene (Fig. 4.1). In the LogDet analysis depicted in Fig. 4.1, 0M270 occupied
one lineage in a polytomy which also included the prymnesiophye and
crytophyte plastid SSU rRNA lines of descent.
Chimeric gene product. One OCS rDNA clone, preliminarily identified
as plastid-related, was identified as a chimeric gene product when sequence
obtained from both the 5' and 3' regions of the clonewas examined.
Phylogenetic analyses of ca. 400 nucleotideson the 3' end of clone OCS22
revealed this portion of the clone to be closely related to bacillariophyte plastid
SSU rRNA genes (data not shown). Sequence obtained from the 5' end of
OCS22 (ca. 400 nucleotides) was indentical toan OCS rRNA gene clone related
to the alpha subdivision of the Proteobacteria (OCS126, data not shown).
LH-PCR. The results of LH-PCR for the untreated and filtered
subsamples are shown in Fig. 4.6. The most striking result was the
disappearance of the peaks corresponding to sizes of plastid SSU rRNAgenes
in water filtered through 0.8 gm membranes (Fig. 4.6). Peaks of 318, 319 and
326 base pairs in length were observed in the unfiltered water, butwere not
detected in the filtered water. The peak of 317 by corresponded to sizes of
both alpha proteobacteria and plastids (Suzuki et al. in prep). We conclude
that filtration through a 0.8gin membrane excluded eukaryotic plastid DNA
from the sample.133
Figure 4.6. Electropherogram displays of "bacterial" diversity in unfiltered (A)
and filtered (B) seawater from a depth of 10 m, 8 km off the coast
of Yaquina Head, Oregon. SSU rRNA genes were amplified with
the 27F/338R primer pair, and the amplicons were separated by
natural length polymorphisms. Peaks E, F, G, and I were removed
by filtration through a 0.8 urn Nucleopore filter. Peaks E, F, and G
have been identified as plastid genes (prymnesiophytes,
bacillariophytes, and prasinophytes, respectively). Peak I is
unidentified.Figure 4.6
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4.5 Discussion
The plastid genes that we described here and those that we described
previously were discovered in investigations that had been designed to survey
bacterioplankton diversity. Other studies using similar experimental designs
have previously reported the presence of bacillariophyte plastid SSU rRNA
genes recovered from phytodetrietal aggregates (De Long et al. 1993).
Nonetheless, we were surprised to find so many plastid SSU rRNA genes since
numerous phylogenetic surveys of bacterioplankton diversity have reported
few plastid genes. In the two clone libraries we describe here we have
identified 109 plastid genes belonging to five major groups of algae, including
bacillariophytes (diatoms), prymnesiophytes (coccolithophores), cryptophytes,
chrysophytes, and prasinophytes. Although many examples of identical genes
were found, in other cases the data support the presence of gene clusters which
most probably represent assemblages of related phytoplankton species.
The contrast between the relative absence of plastid genes from clone
libraries obtained from mid-ocean samples and the large number of such genes
found in these environmental rDNA clone libraries from coastal sites may be
attributed to several causes. Continental shelf regions are known to be areas of
high nutrient availability and high primary productivity. Although marine
Synechococcus and prochlorophytes are common on continental shelves, the
ratio of these unicellular prokaryotic phytoplankton species to their eukaryotic
counterparts generally decreases as nutrient levels and primary production
increase. Thus, the observation of large numbers of phytoplankton plastids in
these clone libraries may result directly from the higher proportion of
phytoplankton nucleic acids in samples from continental shelf regions. A
second factor which may contribute to the high proportion of phytoplankton136
genes is the high copy of plastid organelle genomes. Some phytoplankton
plastids contain up to 650 copies of small circular genomes per plastid, each
usually containing 2 ribosomal operons pergenome (Ersland et al. 1981). In
contrast, prokaryotes frequently possess from one to only ten copies of their
ribosomal operons. Although it appears likely that the large numbers of
plastid genes observed in these clone libraries are in part due to the higher
abundance of phytoplankton on the continental shelves, the ratios between the
observed numbers of plastid genes and bacterial genes may be highly skewed
towards the former as a consequence of these differences in copy number.
As with phylogenetic surveys of bacterial diversity, this analysis of
phytoplankton diversity uncovered evidence of novel groups of phytoplankton
that had not been recognized previously on the basis of culture and
morphological studies. We observed two phylogenetically distinct lineages of
Prasinophyceae. Prasinophytes are small flagellated cells that possess
chlorophyll a and chlorophyll b. These organisms are thought to be primitive
species because of their simple cell morphology, a feature that also makes them
relatively difficult to identify in seawater samples, with the consequence that
the marine members of this group are not routinely identified below the family
level. These results are of interest to phytoplankton ecologists because they
show the presence of at least two prasinophyte groups in seawater and
provide information that could be used to design phylogenetic oligonucleotide
probes for studies aimed at exploring the ecological roles of these putative
species.
This report is the first to show the position of two prasinophyte plastid
SSU rRNA gene lineages in phylogenetic trees. In our analysis, which is based
upon complete prasinophyte SSU rRNA genes, these plastids appear to be137
most closely allied with the Chlamydophyceae. However, divergence between
Prasinopyceae Group I and Prasinophyceae Group II is so deep that they
appear polyphyletic in Figure 4.3. An estimate of statistical confidence by
bootstrap replication failed to resolve relationships between the two
prasinophyte groups; however, clearly these are highly divergent lineages
which warrant independent study.
Clone 0M270 was unique among the genes investigated; itwas
phylogenetically allied to the rhodophyte plastids and plastids derived by
secondary symbioses. The phylogenetic position of this deeply branching
clone has interesting evolutionary implications. Bootstrap replicates provide
only modest support for its position in the plastid phylogenetic tree. In Figure
4.1 and other analyses, 0M270 appears as the outgroup to the
prymnesiophytes and cryptophytes. The prymnesiophytesare heterkont
flagellates exhibiting the photosynthetic pigments chlorophyll a and c. The
Cryptophyceae are an enigmatic group that appear to be the result of a
sequential series of symbioses involving the capture ofa rhodophyte
phytoplankton cell by a eukaryotic cell, resulting in a cell configuration
includes a eukaryotic nucleus and a nucleomorph. The nucleomorph resides
within an internal membrane that also enclosesa plastid containing
chlorophyll a and c and phycobilliproteins. Given this complicated
phylogenetic picture, it would of considerable interest to examine the
phenotype of the lineage represented by 0M270. Analysis of the 0M270
sequence in a secondary structure failed to uncover any evidence that this
unusual gene was a result of cloning or sequencing artifacts (data not shown).
Emiliania huxleyi is a cultured marine prymnesiophyte, which is thought
to represent the large blooms of coccolithophorids which are abundant138
primary producers in many regions of the earth's oceans. We observed a
single gene, OCS50, that allied very closely with the published SSU rRNA gene
sequence from the Emiliania huxleyi plastid. However, published studies
suggest that the various morphotypes of Emiliania huxleyi have identical plastid
rRNA gene sequences. In addition to OCS50, we observed multiple plastid
sequences related to the prymnesiophytes but clearly distinct from Emiliania
and Ochrosphaera species.
Figure 4.6 provides an example of the utility of plastid rDNA sequence
data for ecological studies. Figure 4.6 shows the distribution of three major
phytoplankton groups in a coastal water sample. The different plastid types
are resolved by length heterogeneities in the 5' region of their plastid SSU
rDNAs (LH-PCR). Such measurements are highly reproducible and make it
possible to rapidly survey the phylogenetic diversity within samples for
comparative purposes (Suzuki et al. in prep).
The picture of phytoplankton diversity emerging from this study is that
eukaryotic phytoplankton are better understood than their counterparts, the
prokaryotic plankton, but nonetheless contain many members that have not
been identified previously by scientific investigations. There are several
possible explanations for these observations. The most obvious of which is
that some of the novel phytoplankton lineages we present here may
correspond to cultured microorganisms that have not been studied by
chloroplast rDNA gene sequencing. Alternatively, some phytoplankton may
be very difficult to identify either by morphology or through cultivation.
In the eyes of many practitioners, the survey of novel microbes by
ribosomal RNA gene cloning and sequencing is not an ultimate goal but
instead a stage of progress that may ultimately lead to the understanding of139
species that have not yielded to other means of study. Ribosomal RNA genes
provide the information needed to design molecular probes that can be used to
study the distributions of organisms in nature at a gross level by the
hybridization of probes to nucleic acids or at the cellular level by the
hybridization of fluorescently labelled probes to single cells at the microscopic
level.
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DIVERSITY OF BACTERIOPLANKTON OVER THE CONTINENTAL SHELF
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5.1 Abstract
To identify members of the bacterioplankton population inhabiting the
western continental shelf of the United States, a SSU rRNA gene clone library
was constructed from plankton populations collected from a depth of 10 m in
the Pacific Ocean, 8 km west of the mouth of Yaquina Bay, Oregon. SSU rRNA
gene clones in the Oregon Coast Study (OCS) clone library were polymerase
chain reaction-amplified with general bacterial primers from nucleic acids
isolated from the plankton samples, and cloned into the vector pBluescript
KSII-. Plastid SSU rRNA genes comprised 47% of the 116 SSU rRNA gene
clones recovered, while 60% of the bacterial clones were affiliated with SSU
rRNA gene clones previously recovered from open-ocean and coastal seawater
environments, including the SAR86, SAR11, and SAR116 clusters of the
Proteobacteria, the Roseobacter Glade of the alpha Proteobacteria, the SAR406
cluster, and the BDA1-5 (marine Gram-positive) cluster. In addition, SSU gene
clones related to beta Proteobacteria constituted 16% of the bacterial SSU rRNA
gene clones recovered. The remaining bacterial clones were identified as
members of the alpha and gamma subgroups of the Proteobacteria. A Length
Heterogeneity PCR (LH-PCR) electropherogram of the PCR product cloned in
this study closely resembled the distribution of clone types recovered in the
OCS library, indicating no biases were apparent in the blunt-end ligation
procedure. The distribution of phylotypes in the OCS clone library provides
further evidence that a limited number of as yet uncultured bacterioplankton
may dominate coastal as well as open ocean pelagic seawater environments.
In addition, the recovery of beta Proteobacteria SSU rRNA gene clones
supports our earlier findings that beta Proteobacteria may constitute a146
significant fraction of the bacterioplankton population in coastal seawater
environments.
5.2 Introduction
Over the past two decades, the roles heterotrophic bacteria play in
marine food webs and oceanic biogeochemical cycles has received
considerable attention (e.g. see Azam and Cho 1987, Fuhrman et al. 1989, Sherr
and Sherr 1988). It is now widely recognized that heterotrophic
bacterioplankton are important components of marine systems- both as a sink
and/or link for carbon in marine planktonic food webs, and for their role in
nutrient regeneration in the water column (Cole et al. 1988, Duck low et al.
1986). Several recent studies indicate that a widerange of phenotypic and
genotypic diversity exists within and between heterotrophic bacterioplankton
populations, and the bacterial fraction of planktonic ecosystemsappears to be
no less structurally dynamic than is commonly observed in the eukaryotic
photoautotrophic and heterotrophic fractions of the marine planktonic
community (Fuhrman et al. 1994, Lee and Fuhrman 1991, Martinez et al. 1996,
Rehnstam et al. 1993, Smith et al. 1995). Methodological constraints, however,
have led to a lack of consideration for individual species dynamics within the
heterotrophic bacterioplankton communities in systems level studies. The
effect that spatial and temporal variation in bacterioplankton population
structure has on the cycling of carbon and associated biogenic elements in the
world's oceans is largely unknown (Azam et al. 1995, Kemp 1995).
In order to evaluate the significance of quantitative and qualitative
changes in the structure of bacterioplankton populations, a knowledge of the147
types of organisms that can be potentially most abundant in a given seawater
sample is necessary. As with most ecosystems, the diversity of organisms
within marine bacterioplankton populations has traditionally been assayed by
culture-dependent methods (e.g. see references (Baumann et al. 1972, Kita-
Tsukamoto et al. 1993, ZoBell 1946). It has long been known, however, that
numbers of bacteria in seawater estimated by CFU countsare orders of
magnitude lower than those estimated by epifluorescence direct counts
(Ferguson et al. 1984, Hobbie et al. 1977, Jannasch and Jones 1959, Kogure et al.
1979). A significant proportion of cells visualized microscopicallyappear to be
viable, but do not form visible colonieson plates (Staley and Konopka 1985,
though see Zweifel and Hagstrom 1995 and Choi et al. 1996). It is not
currently known how much of the information derived frompure cultures of
marine bacteria can be related to the activity of bacterioplankton in situ.
In an effort to circumvent selective biases associated with cultivation
methodology, many microbial ecologists have turned to molecular methods to
survey the diversity of bacteria in their natural environment (Amann et al.
1995, Olsen et al. 1986, Ward et al. 1992). The most widely used approach
involves the cloning and sequencing of SSU ribosomal RNAgenes directly
from naturally-occurring microbial assemblages, and has provided marine
microbial ecologists a powerful means of assaying the diversity of
bacterioplankton independent of the culturability of cells (reviewed in
Giovannoni et al. 1995). Though biases associated with molecular analyses of
bacterial diversity in the environment have not been thoroughly evaluated,
they appear to be less limiting than those associated with culture-based
methods (Giovannoni et al. 1995, Ward et al. 1992), andmay in fact be
controllable in some situations (Suzuki and Giovannoni 1996).148
To date, natural samples of bacterioplankton have been characterized by
SSU rRNA gene cloning and sequencing froma fairly narrow range of
oligotrophic regions of the world'soceans (Britschgi and Giovannoni 1991,
Field et al. 1997, Fuhrman et al. 1993, Giovannoni et al. 1990a, Giovannoni et
al. 1996b, Gordon and Giovannoni 1996, Mullins et al. 1995, Schmidt et al.
1991, Wright et al. 1997). Two studies, however, have analyzed coastal
bacterioplankton samples, includinga clone library of 18 bacterioplankton SSU
rRNA genes cloned from the Santa Barbara Channel off the California coast
(De Long et al. 1993) and 112 bacterioplankton SSU rRNAgene clones from the
eastern continental shelf of the Unites States off Cape Hatteras, North Carolina
(Rappe et al. 1997). A majority of the SSU rRNA gene clones retrieved from
these samples are not phylogenetically affiliated with rRNAgene sequences
obtained from cultured marine bacteria, and instead fall intoone of several
distinct phylogenetic groups (Giovannoni et al. 1996, Giovannoni et al. 1995,
Mullins et al. 1995).
We addressed two questions by constructinga SSU rRNA gene clone
library from surface seawater collected over the western continental shelf of
the Pacific Ocean off Oregon, USA. First,we sought to determine if the SSU
rRNA gene clones recovered in a clone library constructed froma natural
bacterioplankton sample corresponded to the SSU rRNAgenes obtained from
bacterial isolates cultured from the same seawater sample. The answer to this
question, provided in (Suzuki et al. 1997), was that very little overlap was
observed in the SSU rRNAgenes recovered from the cultures and gene clones.
In this study, we determined the extent to which the bacterial SSU rRNA gene
clones recovered in this clone library overlapped rRNA gene clones obtained
previously from marine bacterioplankton samples. The majority of bacterial149
phylotypes in the OCS clone library closely resembled clonegroups recovered
from both the Pacific and Atlantic Oceans, including the eastern continental
shelf of the United States. In addition, therecovery of related beta
Proteobacteria SSU rRNA gene clones from both the eastern and western
continental shelves of the United States indicated beta Proteobacteriamay
constitute a significant fraction of the bacterioplankton population in coastal
pelagic seawater environments.
5.3 Materials and methods
SSU rRNA gene amplification and clone library construction.
Construction of the Oregon Coast Study (OCS) SSU rRNAgene clone library
has been described previously (Rappe et al. submitted, Suzuki et al. 1997).
Briefly, a 16 L plankton samplewas collected on 28 April 1993 from a depth of
10 m at a station located 8 km west of Yaquina Bay, Oregon (44°39.1'N,
124°10.6'W). The seawater sample was pre-screened through 10tim nylon
mesh and collected on 0.2 gm polysulfone filters (Supor-200, Gelman Inc., Ann
Arbor, MI). Total cellular nucleic acidswere isolated by cell lysis with
proteinase K and SDS, and phenol/chloroform extraction as peviously
described (Giovannoni et al. 1990b). Bacterial and plastid SSU rRNAgenes
were amplified from the genomic DNA sample using two general bacterial
SSU rRNA primers (27F and 1522R), Pfu DNA polymerase (Stratagene, La
Jolla, CA), and the polymerase chain reaction (PCR) (Saiki et al. 1988)as
previously described (Suzuki et al. 1997). The blunt-ended amplification
product was inserted into the phagemid vector pBluescript KSII- (Stratagene)
and the product of this ligation was used to transform competent E. coli cells.150
Positive transformants were streaked for isolation and stored in both stab
cultures and 7% DMSO. Cloneswere numbered discontinuously from 1-182
and assigned the prefix "OCS".
RFLP analysis. All gene clones containing full-length inserts were
characterized by HaeIII RFLPs as previously described (Rappe et al. submitted,
Suzuki et al. 1997). Briefly, environmental clone rDNAs were amplified from
insert-bearing plasmids by the PCR employing the two general bacterial
primers used above. PCR products were digested with the restriction
endonuclease Had (Promega, Madison, WI) and resolved by gel
electrophoresis in low melting point agarose (FMC, Rockland, ME).
Gene sequencing and phylogenetic analyses. Plasmid DNAs were
sequenced as described in Suzuki et al. (1997), using either an ABI model 377
or 373a automated sequencer (Applied Biosystems Inc., Foster City, CA), dye-
terminator chemistry, and conserved universal and bacterial SSU rRNA
primers (Lane 1991). Sequence data from cloned SSU rDNA genes were
manually aligned with bacterial and plastid sequences obtained from
Genbank, the Ribosomal Database Project (RDP) (Maidak et al. 1994), and the
ARB database (Ludwig and Strunk 1997) using the Genetic Data Environment
(GDE) v2.2 sequence analysis software package (Steve Smith, Millipore,
Bedford, MA).
Evolutionary trees were constructed as described in Rappe et al.
(submitted). Briefly, distance, maximum parsimony, and maximum likelihood
methods were employed to determine the phylogenetic affiliations of OCS
rRNA gene clone sequences. Each phylogenetic analysis employed a sequence
mask that varied in its level of conservation depending on the individual
dataset being analyzed. These masks are listed in each corresponding figure151
legend. In addition, all phylogenetic analyseswere repeated several times
with different taxa employedas outgroups (data not shown). Evolutionary
distances were calculated from pair-wisesequence similarities with the
Kimura 2-parameter model for nucleotide change anda
transition/transversion ratio of 2.0 (Kimura 1980) using theprogram
DNADIST available with the Phylogeny Inference Package (PHYLIP v3.5c)
(Felsenstein 1989). The program NEIGHBORwas used to reconstruct
phylogenetic trees from the evolutionary distance matrices by the neighbor-
joining method (Saitou and Nei 1987). Bootstrap analyses which included 100
replicate resampled data sets with randomsequence addition and global
rearrangement were used to estimate the relative confidence in monophyletic
groups withing each phylogenetic analysis (Felsenstein 1985).
Maximum parsimony, maximum likelihood, and LogDet phylogenetic
analyses were performed using theprogram PAUP* (Swofford 1997).
Maximum parsimony and maximum parsimony bootstrap analyseswere
performed by a heuristic search method, with tree bisection-reconnection and
MULPARS options. Maximum likelihood calculations employed nucleotide
frequencies estimated from the data, witha transition/transversion ratio of 2.0.
Bootstrap analyses were performed as above. Secondary structure generation
and detection of chimeric SSU rRNAgene clones were performed as in Rappe
et al. (submitted).
Oligonucleotide probe hybridizations. As described in Rappe et al.
(submitted), a dot blot of 32 clones representing 23 RFLP patternswas
constructed and screened with radiolabeled taxon-specific oligonucleotide
probes to aid in identifying OCS SSU rRNA gene clones. The following
oligonucleotide probes were hybridized to the OCS unknown dot blot152
SAR83R (TH=45°C) (Rappe et al. 1997), SAR11A1 (TH= 37°C) (Field et al.
1997), SAR86 (TH=45°C) (Rappe et al. 1997), CHRYS1 (TH=45°C) (Rappe et al.
1995), and HAP1 (TH=45°C) (Rappe et a1.1995). The TH listedwas the
hybridization stringency temperature used for each oligonucleotide probe.
Probe hybridizations were visualized using a Molecular Dynamics
Phosphor Imager SI (Molecular Dynamics, Sunnyvale, CA) as well as
autoradiographically with X-ray film.
LH-PCR. The PCR product cloned to produce the OCS clone library
was used as a template for LH-PCR (Suzuki et al. in prep). In a final volume of
100 Al, the reaction contained 0.2 mM of pre-mixed dNTPs (Stratagene), 1.5
mM MgC1, 5% acetamide, 1X Taq DNA polymerase reaction buffer (Promega),
and 2.5 units of Taq DNA polymerase (Promega). All reactions used the
Ampliwax hotstart protocol (Perkin Elmer Cetus, Norwalk, CT) in a PLT100
thermal cycler (MJ Research Inc., Watertown, MA) and were amplified for 16
cycles of 1 mM denaturation (96°C), 1 min annealing (55°C), and 3 mM
extension (72°C). The number of cycles was optimized to avoid PCR bias
described by Suzuki and coworkers (Suzuki et al. in prep, Suzuki and
Giovannoni 1996). The forward primer in the LH-PCR reaction (27F; 5'-
AGAGTTTGATCMTGGCTCAG-3') was 5'-end-labeled with the
phosphoramidite dye 6-FAM, and was supplied by Applied Biosystems Inc.
(ABI). 338R (5'-GCTGCCTCCCGTAGGAGT-3') was used as the reverse
primer in the LH-PCR reactions (Amann et al. 1990). Labelled PCR products
were purified using Qiaquick-spin columns (Qiagen, Chatsworth, CA), and 10
fmoles of DNA were discriminated by Long Ranger (FMC) PAGE in an ABI
model 377 automated DNA sequencer (ABI) in Genescan mode. Genescan
estimates the sizes of bands in the gel, and measures the integrated153
fluorescence emission of the bands. The output of Genescan isan
electropherogram in which the bandsare represented by peaks and the
integrated fluorescence of each band is thearea under the peaks. For PCR
product concentrations less than 50 fmoles, itwas assumed that the relative
proportion of the integrated fluorescence of each peak corresponded to the
proportion of each amplicon in the PCR products (Suzuki et al. in prep). The
relative abundance of each ampliconwas estimated as the ratio between the
integrated fluorescence of each peak and the total integrated fluorescence of all
peaks.
5.4 Results
A total of 116 full-length SSU rRNA gene clones were recovered in the
OCS clone library, and were distributedamong 37 different Had RFLP
banding patterns (Table 5.1). Nineteen of the 37 RFLP types consisted ofa
single OCS rRNA gene clone. Analyses of nine RFLP types (55 clones) in the
OCS library related to plastid SSU rRNAgenes, including one chimeric gene
clone, were described previously (Rappe et al. submitted).
Alpha Proteobacteria. Thirteen different RFLP types representing 22
OCS SSU rRNA gene clones (38% of the bacterial clones recovered)were
related to the alpha subclass of the Proteobacteria (Table 5.1). Of the 22 alpha
Proteobacteria gene clones, 18 were affiliated with SSU rRNAgene clones
previously recovered from seawater samples, including members of the SAR11
cluster (Giovannoni et al. 1990a), the SAR116 cluster (Mullins et al. 1995), and
SSU rRNA gene clones related to SAR83 and other members of the Roseobacter
Glade (Britschgi and Giovannoni 1991).154
Table 5.1. Frequency and phylogenetic affiliation of OCS SSU rRNA gene
clones.155
Table 5.1
Phylogenetic affiliation RFLP type
Clones
recovered
Representative
clones*
Gen Bank
access. No.
Alpha Proteobacteria
SAR116 cluster VII 4 OCS28 AF001636
VI 2 OCS24 AF001637
XXIX 1 OCS126 AF001638
SAR11 cluster XV 2 OCS138 AF001639
XVI 2 OCS143 U75266
OCS154 AF001640
XXIII 1 OCS53 AF001641
XXXIV 1 OCS180 AF001642
Roseobacter Glade XII 2 OCS84 U78943
XIV 2 OCS122 U78945
XXI 1 OCS19 U78942
Unique alpha XXXVII 2 OCS116 U78944
XX 1 OCS14 AF001643
XXVIII 1 OCS124 AF001644
Beta Proteobacteria
Zoogloea ramigera ATCC25935 VIII 3 OCS7 AF001645
XIII 2 OCS111 AF001646
Type I methylotroph Glade XXXIII 1 OCS178 AF001647
Variovorax paradoxus XXVII 1 OCS98 AF001648
Unique beta XXIV 1 OCS66 AF001649
XXV 1 OCS67 t
Gamma Proteobacteria
SAR86 cluster II 13 OCS44 AF001650
XVIII 1 OCS5 AF001651
sulfur-oxidizing symbionts IV 9 OCS2 $
Pseudomonas putida DSM291 XXXV 1 OCS181 U78946
Miscellaneous
BDA1-5 cluster X 2 OCS155 AF001652
SAR406 cluster XXXII 1 OCS146 AF001653
Unidentified XXVI 1 OCS93 f
XXXI 1 OCS131 t
Chimera XIX 1 OCS12 U75252
XXII 1 OCS22 f
Plastids t 54 t t
*identical sequences were not filed in Genbank.
1-data included in (Rappe et al. in prep.).
no sequence was submitted to Genbank.156
Sequenced clones from RFLP types XII, XIV, and XXI within the OCS
clone library were found to be related to SAR83 and related SSU rRNA gene
clones, a group of SSU rRNA gene clones orginally described from surface
seawater samples in the Sargasso Sea (Figs. 5.1, 5.2) (Britschgi and Giovannoni
1991). Represented by OCS84 in Fig. 5.1 and OCS19, OCS84, and OCS122 in
Fig. 5.2, SAR83-related SSU rRNA genes consisted of 5 clones or 9% of the
bacterial SSU rDNA clones recovered in the OCS clone library (Table 5.1). The
phylogenetic affiliations of SAR83-related clones from the OCS clone library
were first described in Suzuki et al. (1997). OCS84 was most closely related to
0M65, a SSU rDNA clone recovered off the coast of Cape Hatteras, North
Carolina in the OM SSU rRNA gene clone library (96.0% similar for 421
nucleotide positions) (Rappe et al. 1997). OCS19 was also most closely related
to an rDNA clone recovered in the OM clone library, 0M42 (100% similar for
376 nucleotide positions. OCS122 was most closely related to SAR102, a
unique SSU rRNA gene clone recovered from surface water of the Sargasso Sea
(100% similar for 397 nucleotide postions) (Mullins et al. 1995). As reported in
earlier studies, this complex group of environmental clones is affiliated with
members of the genus Roseobacter of the alpha-3 subclass of the Proteobacteria
(Fig. 5.2) (Britschgi and Giovannoni 1991, Fuhrman et al. 1993, Mullins et al.
1995, Rappe et a1.1997). Subclasses within the alpha Proteobacteria are as in
Woese et al. (Woese et al. 1984). Validly described species in the genus
Roseobacter synthesize bacteriochlorophyll a aerobically and have been isolated
from marine environments, including the phycosphere of dinoflagellates
(Lafay et a1.1995) and marine macrophytic algae (Ashen and Goff 1996, Shiba
1991). Also related to this group are several other marine seawater isolates
represented in Fig. 5.2, including Marinosulfonomonas methylotropha, a restricted157
Figure 5.1. Inferred phylogenetic relationshipsamong SSU rRNA gene clones
recovered off the coast of Oregon, USA, with other members of the
domain Bacteria. This dendogram was reconstructed by a
neighbor joining analysis of evolutionary distances, calculated
from pair-wise sequence similarities with the Kimura 2-parameter
model for nucleotide change. A mask of 300 nucleotide positions
located on the 5' end of the SSU rRNA gene was used in this
analysis. Bootstrap proportions over 60% that supported the
branching order, calculated by the neighbor joining method from
100 total replicates, are shown above the corresponding nodes.
"SAR"-SSU rRNA gene clones from the Sargasso Sea; "OM"-SSU
rRNA gene clones from the eastern continental shelf off Cape
Hatteras, North Carolina, USA; "BAL"- isolated bacterial strains
from the Baltic Sea (Pinhassi et al. 1997).158
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Figure 5.2. Phylogenetic diversity of OCS SSU rRNAgene clones related to the
alpha subclass of the Proteobacteria. This dendogramwas
reconstructed by the neighbor joining method from evolutionary
distances derived as in Fig. 5.1, froma mask of 340 nucleotides
located on the 5' end of the SSU rRNA gene. Bootstrap
proportions over 60% that supported the branching order,
calculated by the neighbor joining method from 100 total
replicates, are shown above the corresponding nodes. The SSU
rRNA gene sequence of Escherichia coli was usedas an outgroup in
this analysis.0.05 substitutions per
nucleotide position
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facultative methylotroph which is able to grow on methanesulfonic acid as its
sole source of carbon and energy (Holmes et al. 1997), marine bacteria of the
genus Rhodovulum (Hiraishi and Ueda 1994, Hiraishi and Ueda 1995), the
marine strain LHR, a bacterium capable of cleaving
dimethylsulfoniopropionate to form dimethylsulfide (Ledyard et a1.1993),
several isolates from Oregon coast seawater (Suzuki et al. 1997), an isolate from
Sargasso Sea seawater (Suzuki et al. 1997), isolates from Santa Barbara Channel
and Baltic Sea seawater (Pinhassi et al. 1997), and isolates from Antarctic Sea
ice (Bowman et al. 1997).
Three RFLP types in the OCS clone library (RFLP types VI, VII, and
)0(IX) consisting of 7 total clones (12% of the bacterial clones; Table 5.1) were
related to the SAR116 cluster of the alpha Proteobacteria first described by
Mullins and coworkers (Mullins et al. 1995). Represented by OCS24 and
OCS126 in Fig. 5.1 and OCS24, OCS28, and OCS126 in Fig. 5.2, the SAR116
cluster SSU rRNA gene clones recovered in the OCS clone library were closely
related to SSU rRNA gene sequences recovered off the eastern continental shelf
of the United States in the OM clone library (Rappe et al. 1997). These
similarities included OCS24 and 0M25 (99.7% similar for 1474 nucleotide
positions), OCS28 and 0M55 (99.5% similar for 582 nucleotide positions), and
OCS126 and 0M299 (99.4% similar for 362 nucleotide positions). The gene
sequence of clone SAR116 was most closely related to OCS28 (97.3% similar for
473 nucleotide positions) and 0M55 (97.8% similar for 451 nucleotide
positions), but was not included in Fig. 5.2 due to its lack of sequence on the 5'
end of the gene clone. OCS clones affiliated with the SAR116 cluster were
<90% similar to their closest cultivated phylogenetic neighbors, members of
the genus Azospirillum of the alpha-1 subclass of the Proteobacteria (Fig. 5.2).162
Members of this genus are Gram-negative, nitrogen-fixing rods commonly
associated with non-leguminous plants.
Four RFLP types in the OCS clone library (RFLP types XV, XVI, XXIII,
and )(XXIV) were related to the SAR11 cluster of the alpha Proteobacteria, first
described from environmental clones recovered from the surface of the
Sargasso Sea (Table 5.1) (Giovannoni et al. 1990a). Represented by OCS138
and OCS154 in Fig. 5.1 and OCS53, OCS138, OCS154, and OCS180 in Fig. 5.2,
SAR11 cluster SSU rRNA gene clones recovered in the OCS clone library
consisted of 6 total clones (10% of the bacterial clones; Table 5.1). A more
detailed analysis of gene clones related to the SAR11 cluster, including one
clone recovered in the OCS clone library, has been described previously (Field
et al. 1997). SAR11-related OCS rRNA gene clones affiliated with two distinct
subclusters of the SAR11 gene cluster (Fig. 5.2). OCS53, OCS138, and OCS180
were highly similar to each other (98.9-99.8%), and were also highly similar to
Sargasso Sea clones SARI and SAR95 (98.0-99.1%) and FL11, an environmental
SSU rRNA gene clone recovered from seawater collected from the Santa
Barbara Channel (98.1-99.3% similar) (De Long et al. 1993). OCS154 was only
91.0-91.1% similar to OCS53, OCS138, and OCS180, and was phylogenetically
affiliated with SAR464 (94.9% similar for 432 positions) and 0M136 (96.8%
similar for 432 positions).
The three remaining OCS RFLP types related to the alpha subclass of
the Proteobacteria (RFLP types XX, XXVIII, and XXXVII) are represented by
OCS14, OCS124, and OCS116 in Fig. 5.2, respectively. The phylogenetic
affilations of OCS14, OCS116, and OCS124 varied with respect to the taxa
included in the analyis, the choice of outgroup, and the method of
phylogenetic reconstruction employed, and thus were not determined with163
confidence from the relatively small amount of sequence data obtained from
these clones (data not shown).
Beta Proteobacteria. Six different RFLP types in the OCS clone library (9
clones total) were related to SSU rRNA genes from members of the beta
subclass of the Proteobacteria (Table 5.1). Represented by OCS7 in Fig. 5.1 and
OCS7 and OCS111 in Fig. 5.3, five clones from two RFLP types (VIII and XIII)
in the OCS clone library were related to Zoogloea ramigera_ATCC25935, an
aerobic chemoorganotrophic bacteria isolated from activated sludge and
wastewater (Fig. 5.3). OCS7 and OCS111 were 98.9% similar for 498 nucleotide
positions, but were identical in sequence over the region included in the
analysis shown in Fig. 5.3. A marine bacterium related to Zoogloea ramigera
ATCC25935 has recently been isolated from the Baltic Sea (Pinhassi et al. 1997),
though SSU rRNA gene sequence comparisons indicated this marine isolate is
more closely related to environmental clones recovered from a dentoalveolar
abscess than to OCS gene clones in this Glade (Fig. 5.3). OCS7 and OCS111
were 92.8-95.8% similar to Zoogloea ramigera ATCC25935 and the Baltic Sea
isolate Zoogloea six. BAL15. In addition to this marine isolate, bacteria related
to Zoogloea ramigera ATCC25935 have been isolated from an oligotrophic arctic
lake in Alaska, USA (Fig. 5.3) (Bahr et al. 1996).
RFLP types XXIV and XXV in the OCS clone library consisted of two
clones which had identical sequences in the 5' end of the SSU rRNA gene, and
are represented by OCS66 in Fig. 5.3. OCS66 was most similar to a unique
clone in the Ocean Margins clone library, 0M156 (91.9% similar for 458
nucleotide positions) (Rappe et al. 1997). Together, these two clones loosely
affiliated with the genus Burkholderia, a group of organisms included within
the original rRNA homology group II pseudomonads (87.7-89.9% similar for164
Figure 5.3. Phylogenetic diversity of OCS SSU rRNAgene clones related to the
beta subclass of the Proteobacteria. This dendogramwas
reconstructed as in Fig. 5.1 from a mask of 306 nucleotides located
on the 5' end of the SSU rRNA gene. Bootstrap proportions over
60% that supported the branching order, calculated by the
neighbor joining method from 100 total replicates,are shown
above the corresponding nodes. The SSU rRNAgene sequence of
Escherichia soli was used as an outgroup in this analysis.0.05 substitutions per
nucleotide position
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454 nucleotide positions) (Yabuuchi et al. 1992). Identification of a close
cultivated phylogenetic neighbor to the OCS66/0M156 gene lineage was not
resolved in the analysis depicted in Fig. 5.3, however.
OCS98, a unique clone in the OCS clone library (RFLP type XXVLI), was
related to Variovorax paradoxus, a heterotrophic betaProteobacteria,isolated
from soil (Fig. 5.3). Several relatives of thisgenus have recently been
cultivated from phosphate- and non-phosphate-removing sequencing batch
reactors (Bond et al. 1995), with which OCS98 formed a monophyletic Glade
moderately supported by the bootstrap analyses depicted in Fig. 5.3 (94.1-
95.2% similar for 369 nucleotide positions). A second unique clone in the OCS
clone library, OCS178 (RFLP type XXXIII), was closely related to a SSU rRNA
gene clone recovered in the OM clone library from the eastern continental shelf
of the United States, 0M43 (99.4% similar for 504 nucleotide postitions) (Rappe
et al. 1997). These two clones grouped within a Glade of Type I methylotrophic
bacteria of the beta Proteobacteria, affiliating in particular with Methylophilus
methylotrophus str. AS1, an obligate Type I methylotrophic bacterium isolated
from activated sludge (Fig. 5.3) (90.7% similar for 496 nucleotide positions).
Recently, environmental rRNA gene clones related to the Type I methylotrophs
of the beta Proteobacteria have also been recovered from an oligotrophic lake
in arctic Alaska, USA (Bahr et al. 1996).
Gamma Proteobacteria. Four different RFLP types representing 24 OCS
SSU rRNA gene clones (41% of the bacterial clones recovered) were related to
the gamma subclass of the Proteobacteria (Table 5.1). RFLP type II, consisting
of 13 clones represented by OCS44 in Fig. 5.1 and Fig. 5.4, and RFLP type
XVIII, consisted of the unique clone OCS5 in Fig. 5.4, were affiliated with the
SAR86 cluster, an SSU rRNA gene clone cluster first recovered from Sargasso167
Figure 5.4. Dendogram depicting relationships between gene clones related to
the SAR86 cluster of the gamma Proteobacteria. This neighbor
joining analysis was performed with the program ARB and was
constructed from non-overlapping gene sequences based on their
relationships to taxa with full length gene sequences included in
the analysis. The SSU rRNA gene sequence of Escherichia coli was
used to root the tree.BDA1-8
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Sea bacterioplankton (Mullins et al. 1995) and the Pacific and Atlantic Oceans
(Fuhrman et al. 1993). These two RFLP types made up 24% of the bacterial
gene clones recovered in this library. OCS44 and OCS5 affiliated with two
distinct lineages within the SAR86 cluster, and were 94.9% similar for 1524
nucleotide positions (Fig. 5.4). Each clone, however, was highly similar to
environmental clones recovered in the OM clone library (OCS44 and 0M10,
99.7% similar for 1527 nucleotide positions; OCS5 and 0M23, 99.7% similar for
799 nucleotide positions) (Rappe et al. 1997). As in previous analyses of this
gene clone cluster, no SSU rRNA gene sequence is yet available from a
cultured bacterium that is >90% similar to full-length gene sequences from
members of the SAR86 cluster. A secondary structural analysis of sequence
variation within the SAR86 cluster, superimposed on a proposed secondary
structure model for clone OCS44, is shown in Fig. 5.5. Nearly all of the
substitutions differentiating lineages within the SAR86 cluster are located in
hypervariable regions dispersed throughout the SSU rRNA molecule (Fig. 5.5).
In addition, the majority of substitutions occurring in stem regions of the
SAR86 secondary structure involved reciprocal base changes across helices
(Fig. 5.5).
The partial SSU rRNA gene sequence determined for a unique clone in
the OCS clone library, OCS181 (RFLP type XXVII), was identical to that of
Pseudomonas putida DSM291, a member of the genus Pseudomonas of the gamma
Proteobacteria (100% similar for 477 nucleotide positions; Table 5.1). This SSU
rDNA clone was also closely related to the most abundant group of bacterial
isolates recovered from the same seawater sample as used in construction of
the OCS clone library (isolate R2A30, 95.5% similar for 354 nucleotide
positions) (Suzuki et al. 1997). A recent study by Moore and coworkers170
Figure 5.5. Proposed secondary structural model of clone OCS44 SSU rRNA.
Numbers refer to nucleotide positions in the Escherichia coli SSU
rRNA gene. Positions at which variation is observed between
OCS44 and either OCS5 or SAR421 are indicated. Target sites for
the probe SAR86R (E. coli positions 178-194) and the primers 27F
(E. coli positions 8-27), 1522R (E. coli positions 1522-1541), and 338R
(E. coli positions 338-355) are included.171
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(Moore et al. 1996) describing intrageneric relationships of species within the
genus Pseudomonas based on SSU rRNA sequence analyses afforded us the
opportunity to estimate the phylgenetic affiliations of OCS181 and R2A30
within this genus. Both phylogenetic and signature sequence analyses of 497
nucleotides located on the 5' end of the SSU rRNA gene clone OCS181 strongly
supported its affiliation with the "Pseudomonas putida lineage" within thegenus
Pseudomonas described by Moore and coworkers (data not shown). Similar
analyses of a 330 nucleotide fragment of isolate R2A30 indicated it belonged to
the "Pseudomonas fluorescens lineage" within the genus Pseudomonas (data not
shown).
One RFLP type in the OCS clone library (RFLP type IV), consisting of 9
clones, was related to sulfur-oxidizing symbionts of the gamma Proteobacteria
(Table 5.1). Though free-living bacteria related to sulfur-oxidizing symbionts
have been recovered from marine sediments (Gray and Herwig 1996), partial
gene sequences obtained from OCS clones related to sulfur-oxidizing
symbionts were identical to the SSU rRNA gene sequence reported for the gill
symbiont of the bivalve Solemya reidi (Cary 1994), which we used as a positive
size standard in PCR reactions from the environmental nucleic acid samples.
Though a negative control was included in the reactions, it did not contain a
visible product band in PCR reactions used to obtain the SSU rRNA gene
amplicon cloned for this study. It is possible, however, that the positive size
standard contaminated the target PCR amplicon. An oligonucleotide probe
specific for Solemya reidi symbiont SSU rRNA (Cary 1994) did not yield a
positive signal when hybridized to nucleic acids isolated from
bacterioplankton collected in the Pacific Ocean off the coast of Oregon, USA
(data not shown).173
Gram-positive bacteria. Two clones representing RFLP type X in the
OCS library affiliated with a unique lineage within the Actinomycete (high
G+C Gram-positive) line of descent (Table 5.1). Represented by OCS155 in Fig.
5.1, these two gene clones showed a close phylogenetic affiliation with SSU
rRNA gene sequences obtained from members of the BDA1-5 (marine Gram-
positive) cluster first described by Fuhrman and coworkers from fragmentary
SSU rRNA gene sequences recovered in both Pacific and Atlantic Ocean
samples (Fuhrman et al. 1993) and by Rappe and coworkers from full-length
gene sequences recovered off the eastern continental shelf of the United States
(Rappe et al. 1997). No SSU rRNA gene sequences from cultured
Actinomycetes are currently available in the public sequence databases that
were >82% similar to OCS155. A comparison of BDA1-5 cluster SSU rRNA
gene clones with environmental SSU rRNA gene clones related to the
Actinomycetes recovered from marine sediments (Gray and Herwig 1996), a
peat bog (Rheims et al. 1996), and Australian forested soil (Liesack and
Stackebrandt 1992, Stackebrandt et al. 1993) did not reveal a close phylogenetic
neighbor to the BDA1-5 cluster (data not shown).
SAR406 Cluster. A unique clone in the OCS clone library, OCS146
(RFLP type XXXII), was related to the marine group A (Fuhrman et al. 1993)
and SAR406 (Gordon and Giovannoni 1996) SSU rRNA gene lineages (Fig. 5.1).
NH16-12, the longest SSU rRNA gene clone fragment related to marine group
A analyzed by Fuhrman and coworkers, was 94.9% similar to OCS146 over 428
nucleotide positions. NH16-12 did not appear in Fig. 5.1 due to its lack of
sequence on the 5' end of the SSU rRNA molecule. OCS146 was 94.7% similar
over the entire length of the SSU rRNA molecule (1456 nucleotides) to both
SAR406, recovered from a depth of 80 m in the Sargasso Sea, and OCS307,174
recovered from a 120 m depth off the coast of Oregon, USA (Gordon and
Giovannoni 1996). This gene cluster did not affiliate with any of the major
bacterial phyla in the phylogenetic analysis of partial gene sequences depicted
in Fig. 5.1 or in analyses employing sequence data from the entire length of the
SSU rRNA molecule, and only loosely affiliated with members of the genus
Fibrobacter and the green sulfur bacteria (Fig. 5.1 and data not shown).
Chimeric gene products. One OCS rDNA clone, OCS12, was
preliminarily identified as related to the SAR11 cluster, but was identified as a
chimeric gene product when sequence was examined from both the 5' and 3'
regions of the clone. This gene clone was first described by Field and
coworkers (Field et al. 1997). Briefly, a fragment approximately 1000
nucleotides in length on the 5' end of OCS12 was phylogenetically affiliated
with SARI and SAR95, members of the SAR11 cluster of the alpha
Proteobacteria. A fragment approximately 500 nucleotides in length on the 3'
end of OCS12 was phylogenetically affiliated with 0M43 (98.2% similar for 500
nucleotide positions), a Type I methylotroph of the beta Proteobacteria
described above. In a similar manner, a second gene clone in the OCS clone
library, OCS22, was identified as a chimera when sequence from both the 5'
and 3' ends of the molecule was obtained. OCS22 has been previously
described by Rappe and coworkers (Rappe et al. submitted). Briefly, a 400
nucleotide fragment located on the 5' end of the OCS22 gene clone was
identical to OCS126, a member of the SAR116 cluster of the alpha
Proteobacteria, while phylogenetic analyses of a 400 nucleotide fragment
located on the 3' end of OCS22 indicated it was closely related to
bacillariophyte plastid SSU rRNA genes.175
LH-PCR. Fig. 5.6 shows the results of a LH-PCR electropherogram from
the PCR product cloned to produce the OCS clone library, separated by natural
length polymorphisms between the 27F and 338R SSU rRNA gene primer pair.
The integrated area under each peak of the electropherogram was used to
determine the relative abundance of each fragment length (Fig. 5.6A) (Suzuki
et al. in prep). The relative abundance of different fragment lengths in the
OCS clone library (Fig. 5.6C) and the bacterial isolate collection recovered from
the same seawater sample (Fig. 5.6B) (Suzuki et al. 1997) are also shown. The
relative distribution of fragment lengths in the OCS clone library closely
resembled the distribution obtained from the PCR product cloned in this
study, indicating no biases were apparent in the blunt-end ligation procedure.
The relative distribution of fragment lengths obtained from the culture
collection did not resemble either the distribution obtained from the clone
library or the PCR product we cloned.
5.5 Discussion
The dominance of this clone library by rRNA gene clones affiliated with
the SAR86 cluster, SAR116 cluster, SAR11 cluster, BDA1-5 cluster, marine
group A/SAR406 cluster, and clones related to the Roseobacter Glade indicates
that they are potentially important members of bacterioplankton communities
in eutrophic coastal pelagic marine systems as well as the oligotrophic open-
ocean. This came as a surprise, as the site we sampled in this study is
characterized by a markedly different trophic structure than that found in the
oligotrophic open-ocean and is an area of unusually high productivity
influenced by the Columbia River plume, coastal river effluent, and seasonal176
Figure 5.6. Relative abundance of different fragment lengths in the PCR
amplicon cloned in this study (A), bacterial isolates recovered
from the same seawater sample (B), and clones recovered in the
OCS clone library (C). Panel A was measured from an LH-PCR
electropherogram, while panels B and C were measured from
sequence data. The genes were separated by natural length
polymorphisms between the 27F and 338R SSU rRNA gene primer
pair.177
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wind-driven coastal upwelling. It is interesting to note that, in addition to its
cosmopolitan distribution in the world's oceans, gene clones related to the
SAR11 cluster have also been recovered from an oligotrophic lake in arctic
Alaska, USA (Bahr et al. 1996) and from permanently anaerobic marine
sediments (Rochelle et al. 1994).
The recovery of SSU rRNA gene clones affiliated with the beta
subdivision of the Proteobacteria is unique to the two clone libraries
constructed from the eastern and western continental shelves of the United
States, as no beta Proteobacteria have been recovered from oligotrophic open-
ocean clone libraries. It is plausible that the bacterioplankton represented by
these gene lineages are adapted to continental shelf or coastal seawater
environments. It is interesting to note that gene clones related to obligate Type
I methylotrophic bacteria were recovered from both continental shelves,
though no microorganisms related to this Glade have been cultured from
seawater. In addition, the recovery of rRNA gene clones related to the genus
Zoogloea is potentially significant, as members of this genus are capable of
forming flocculent masses of cells embedded in gelatinous matrices. The
formation of these cellular aggregates may have significant implications for
organic matter cycling in this environment.
In addition to beta Proteobacteria, plastid SSU rRNA gene clones were
recovered in previous studies of bacterioplankton diversity from the eastern
continental shelf of the United States as well as the Santa Barbara Channel, so
their presence in this clone library was anticipated. Several factors, outlined
by Rappe and coworkers (1997), probably contributed to the abundance of
plastid SSU rRNA gene clones and the lack of prokaryotic oxygenic
phototroph SSU rRNA gene clones in this library. These include the relative179
abundances of eukaryotic phytoplankton compared to prokaryotic oxygenic
phototrophs in this sample, the multiplicity of chloroplasts inmany
phytoplankton taxa, and the multiplicity of plastid genomes within these
plastids.
The SSU rRNA gene clusterswe describe here come from uncultivated
organisms, and it is not known to what extent they represent separate cellular
lineages or sequence heterogeneityamong ribosomal operons of a single strain.
The extent of sequence divergence between separate lineages within gene
clone clusters recovered from marine environments is frequentlyup to 10%,
and appears to be much larger than the level ofsequence divergence obtained
from the limited number of examples where separate ribosomaloperons have
been sequenced from the same microorganism (e.g.see Cilia et al. 1996). Thus,
inter-operon heterogeneity probably explains only a minor fraction of the
divergence observed in the environmental SSU rRNA gene clusters. In
addition, we employed Pfu DNA polymerase in the amplification of the SSU
rRNA genes analyzed in this study. This thermostable enzyme containsa 3' to
5' proofreading activity, reducing the number of mis-incorporated nucleotides
in our PCR reactions. The ecological significance of these gene clone clusters
has yet to be elucidated, though we have reported oligonucleotide probe
hybridization data which indicates the genetic diversity within the SAR11 gene
cluster includes gene lineages which exhibit different depth-specific
distributions (Field et al. 1997).
Additional oligonucleotide probe hybridization data from our
laboratory indicate that SSU rRNAgenes from other uncultured
bacterioplankton display pronounced temporal and spatial distribution
patterns (Giovannoni et al. 1996b, Gordon and Giovannoni 1996, Wright et al.180
1997). In this study, we determined full-length SSU rRNA sequences for three
unique members of the SAR116 cluster, two unique members of the SAR86
cluster, and a unique member of the marine group A/SAR406 cluster. By
determining complete gene sequences for individual lineages within
environmental gene clone clusters, oligonucleotide probes can be designed to
be specific for many members of a gene cluster, or to individual lineages
within a cluster. This level of resolution was neccessary to detect the niche
specialization we observed in subclusters of the SAR11 cluster (Field et al.
1997). Niche specializations within the other marine pelagic environmental
gene clone clusters described here are anticipated.
Of the approximately 74% of the marine bacterial species described in
the systematic literature that are represented by SSU rRNA gene sequences in
sequence databases, the median similarity between these and rRNA gene
clones retrieved from natural samples of bacterioplankton is 87% (Giovannoni
et al. 1996a). Distant phylogenetic relationships such as these are not a reliable
basis from which to predict the phenotype of an unknown organism. Thus, the
ecological roles and physiological activities of the vast majority of phylotypes
recovered in this clone library are currently unknown. The tools of molecular
genetics yields a glimpse of the diversity, abundance, and relative
distributions of bacteria in their natural habitat, but the cultivation of members
of dominant environmental SSU rRNA gene clone clusters will ultimately be
neccessary to gain insight into the physiological properties of these marine
bacteria.181
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CHAPTER 6.
SUMMARY
In this study, 285 SSU rRNA gene clones were analyzed from samples
collected over the eastern and western continental shelves of the United States.
In contrast to SSU rRNA gene clone libraries constructed from the oligotrophic
open-ocean, a large number of clones recovered in this study (109) were
derived from the plastid genomes of several recognizable groups of eukaryotic
phytoplankton, including members of the Bacillariophyceae,
Prymnesiophyceae, Cryptophyceae, Chrysophyceae, and Prasinophyceae.
Also recovered were several unique plastid SSU rRNA gene clones for which
close cultivated phylogenetic neighbors could not be identified.
A vast majority (72%) of the bacterial rDNAs recovered in the OCS and
OM clone libraries were related to previously detected rDNA lineages cloned
from oligotrophic open-ocean marine habitats, including the SAR86 cluster (y
Proteobacteria), SAR83 cluster, SAR116 cluster, and SAR11 clusters (all cc
Proteobacteria), the BDA1-5 cluster (Actinomycetes), the marine group
A/SAR406 cluster, a lineage within the cytophaga-flavobacteria-bacteriodes
phylum, and a phylogenetically distinct lineage remotely associated with the
Planctomycetes. The fact that these lineages have been recovered in
independent investigations of marine prokaryotic diversity make them
widespread in seawater and potentially important members of
bacterioplankton communities. The picture of environmental SSU rRNA gene
clone diversity obtained from bacterioplankton populations studied to date,
including work described here, is shown graphically in Figure 6.1. Focusing
on these abundant taxa is an obvious choice for addressing community189
Figure 6.1. Frequency of the mostcommon marine bacterioplankton 16S rRNA
gene clusters, calculated from a combined data set of 442
environmental 16S rRNA gene clones from pelagic marine
samples. This data set is composed of all published pelagic
marine 16S rRNA gene clone libraries, including the OCS and OM
clone libraries. SAR6 and SAR7 are environmental clones from the
marine Synechococcus/Prochlorococcus cluster.S
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dynamics in what now appears to be a wide range of pelagic marine habitats
including productive, nutrient-rich coastal environments.
This study also uncovered members of the 0 subclass of the
Proteobacteria that had not been observed previously in 16S rDNA clone
libraries constructed from seawater, including a unique lineage closely allied
to known taxa of obligate Type I methylotrophic bacteria recovered in both
clone libraries. This Glade of 0 Proteobacteria use the RuMP pathway for C1
assimilation and are unable to oxidize methane. No microorganisms related to
this Glade have been cultured from seawater. The evidence of methylotrophs
was a surprise, since there was nothing about our study sites to suggest that
they, in particular, should be the locus of unusual levels of C1 metabolism.
The presence of these genes originating within a Glade of Type I methylotrophs
does not necessarily imply that C1 metabolism was a prominent feature of the
carbon cycle in these coastal regions. Regardless, the recovery of SSU rRNA
gene clones related to this Glade is an exciting discovery, and is sure to provoke
further investigation. The recovery of rRNA gene clones related to the genus
Zoogloea is also potentially significant, as members of this genus are capable of
forming flocculent masses of cells embedded in gelatinous matrices. The
formation of these cellular aggregates may have significant implications for
organic matter cycling in this environment. We believe it is plausible that
bacterioplankton affiliated with the 0 Proteobacteria are adapted to continental
shelf or coastal seawater environments.
In addition to providing significant insight into continental shelf
bacterioplankton community structure, the vast amount of nucleotide sequence
data from rDNA genes cloned from the eastern and western continental
shelves of the United States is currently being employed in the construction of192
taxon-specific oligonucleotide probes, thus enabling studies which focus on the
ecology of these uncultured bacteria in natural settings or which seek to isolate
them into culture. Overlap between environmental rDNA clones from vastly
different regions of the world's oceans suggests that carbon flux in
bacterioplankton communities might be addressed by focusing on the activities
of a few key microbial groups.193
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APPENDIX209
NOVEL SSU RRNA GENE SEQUENCES DETERMINED IN THIS STUDY
1. Ocean Margins SSU rRNA gene clone library
0M1
Genbank accession #U70710
1519 nucleotides
Marine Gram-positive cluster; high G+C Gram-positive phylum
0M5
Genbank accession #U70715
1485 nucleotides
Prasinophyceae II lineage; prasinophyte algae plastids
0M10
Genbank accession #U70693
1527 nucleotides
SAR86 cluster; gamma Proteobacteria
0M13
Genbank accession #U32667
697 nucleotides
Bacillariophyte algae plastids
0M19
Genbank accession #U32668
699 nucleotides
Bacillariophyte algae plastids
0M20
Genbank accession #U32670
1474 nucleotides
Bacillariophyte algae plastids
OM21
Genbank accession #U32671
1472 nucleotides
Prymnesiophyte algae plastids210
0M22
Genbank accession #U32669
700 nucleotides
Bacillariophyte algae plastids
0M23
Genbank accession #U70694
755 nucleotides
SAR86 cluster; gamma Proteobacteria
0M25
Genbank accession #U70678
1477 nucleotides
SAR116 cluster; alpha Proteobacteria
0M27
Genbank accession #U70713
1338 nucleotides
Unidentified Proteobacteria
0M38
Genbank accession #U70679
1479 nucleotides
SAR116 cluster; alpha Proteobacteria
0M39
Genbank accession #U70716
698 nucleotides
Prasinophyceae II lineage; prasinophyte algae plastids
0M42
Genbank accession #U70680
587 nucleotides
Roseobacter Glade; alpha Proteobacteria
0M43
Genbank accession #U70704
1533 nucleotides
Type I methylotroph Glade; beta Proteobacteria
0M55
Genbank accession #U70681
583 nucleotides
SAR116 cluster; alpha Proteobacteria211
0M58
Genbank accession #U70705
357 nucleotides
Type I methylotroph Glade; beta Proteobacteria
0M59
Genbank accession #U70695
644 nucleotides
Marinobacter sp.; gamma Proteobacteria
0M60
Genbank accession #U70696
1525 nucleotides
Gamma Proteobacteria
0M65
Genbank accession #U70682
587 nucleotides
Roseobacter Glade; alpha Proteobacteria
0M75
Genbank accession #U70683
1491 nucleotides
Alpha Proteobacteria
0M81
Genbank accession #U70717
1464 nucleotides
Unidentified algal plastids
0M93
Genbank accession #U70697
900 nucleotides
Pseudonionas sp.; gamma Proteobacteria
°M110
Genbank accession #U70714
390 nucleotides
Probable chimera
0M111
Genbank accession #U70718
402 nucleotides
Prasinophyceae II lineage; prasinophyte algae plastids212
0M125
Genbank accession #U70719
1085 nucleotides
Prymnesiophyte algae plastids
0M133
Genbank accession #U70698
420 nucleotides
Pseudomonas sp.; gamma Proteobacteria
0M134
Genbank accession #AF001661
750 nucleotides
Prasinophyceae II lineage; prasinophyte algae plastids
0M136
Genbank accession #U70684
587 nucleotides
SAR11 cluster; alpha Proteobacteria
0M143
Genbank accession #U70685
411 nucleotides
Roseobacter Glade; alpha Proteobacteria
0M153
Genbank accession #U70720
1126 nucleotides
Prymnesiophyte algae plastids
0M155
Genbank accession #U70686
1304 nucleotides
SAR11 cluster; alpha Proteobacteria
0M156
Genbank accession #U70706
642 nucleotides
Beta Proteobacteria
0M164
Genbank accession #U70721
1478 nucleotides
Unidentified algal plastids213
0M180
Genbank accession #U70707
689 nucleotides
Beta Proteobacteria
0M182
Genbank accession #U70699
644 nucleotides
Gamma Proteobacteria
0M185
Genbank accession #U70700
316 nucleotides
Gamma Proteobacteria
0M188
Genbank accession #U70687
588 nucleotides
SAR11 cluster; alpha Proteobacteria
0M190
Genbank accession #U70712
1470 nucleotides
Planctomycetes
0M231
Genbank accession #U70711
432 nucleotides
Marine Gram-positive cluster; high G+C Gram-positive phylum
0M233
Genbank accession #U70701
263 nucleotides
Pseudomonas sp.; gamma Proteobacteria
0M239
Genbank accession #U70688
277 nucleotides
SAR11 cluster; alpha Proteobacteria
0M241
Genbank accession #U70702
1491 nucleotides
Gamma Proteobacteria214
0M242
Genbank accession #U70689
365 nucleotides
SAR11 cluster; alpha Proteobacteria
0M247
Genbank accession #U70690
359 nucleotides
Roseobacter Glade; alpha Proteobacteria
0M252
Genbank accession #U70703
693 nucleotides
Gamma Proteobacteria
0M255
Genbank accession #U70722
412 nucleotides
Prasinophyceae II lineage; prasinophyte algae plastids
0M258
Genbank accession #U70691
439 nucleotides
SAR11 cluster; alpha Proteobacteria
0M270
Genbank accession #U70723
1475 nucleotides
Unidentified algal plastids
0M271
Genbank accession #U70708
570 nucleotides
Flexibacter-cytophaga-bacteroides phylum
0M273
Genbank accession #U70709
730 nucleotides
Flexibacter-cytophaga-bacteroides phylum
0M283
Genbank accession #U70724
1482 nucleotides
Cryptophyte algae plastids215
0M299
Genbank accession #U70692
363 nucleotides
SAR116 cluster; alpha Proteobacteria
2. Oregon Coast Study SSU rRNA gene clone library
OCS5
Genbank accession #AF001651
1526 nucleotides
SAR86 cluster; gamma Proteobacteria
OCS7
Genbank accession #AF001645
1525 nucleotides
Zoogloea sp.; beta Proteobacteria
OCS12
Genbank accession #U75252
1474 nucleotides
Probable chimera
OCS14
Genbank accession #AF001643
658 nucleotides
Alpha Proteobacteria
OCS19
Genbank accession #U78942
377 nucleotides
Roseobacter Glade; alpha Proteobacteria
OCS20
Genbank accession #AF001654
1479 nucleotides
Cryptophyte algae plastids
OCS24
Genbank accession #AF001637
1476 nucleotides
SAR116 cluster; alpha Proteobacteria216
OCS28
Genbank accession #AF001636
1478 nucleotides
SAR116 cluster; alpha Proteobacteria
OCS31
Genbank accession #AF001655
1472 nucleotides
Prymnesiophyte algae plastids
OCS44
Genbank accession #AF001650
1527 nucleotides
SAR86 cluster; gamma Proteobacteria
OCS50
Genbank accession #AF001656
956 nucleotides
Prymnesiophyte algae plastids
OCS53
Genbank accession #AF001641
437 nucleotides
SAR11 cluster; alpha Proteobacteria
OCS54
Genbank accession #AF001657
1478 nucleotides
Bacillariophyte algae plastids
OCS56
Genbank accession #AF001658
554 nucleotides
Bacillariophyte algae plastids
OCS66
Genbank accession #AF001649
500 nucleotides
Beta Proteobacteria
OCS84
Genbank accession #U78943
420 nucleotides
Roseobacter Glade; alpha Proteobacteria217
OCS98
Genbank accession #AF001648
499 nucleotides
Variovorax sp.; beta Proteobacteria
OCS111
Genbank accession #AF001646
497 nucleotides
Zoogloea sp.; beta Proteobacteria
OCS116
Genbank accession #U78944
466 nucleotides
Alpha Proteobacteria
OCS122
Genbank accession #U78945
448 nucleotides
Roseobacter Glade; alpha Proteobacteria
OCS124
Genbank accession #AF001644
474 nucleotides
Alpha Proteobacteria
OCS126
Genbank accession #AF001638
1478 nucleotides
SAR116 cluster; alpha Proteobacteria
OCS138
Genbank accession #AF001639
436 nucleotides
SAR11 cluster; alpha Proteobacteria
OCS143
Genbank accession #U75266
294 nucleotides
SAR11 cluster; alpha Proteobacteria
OCS146
Genbank accession #AF001653
1553 nucleotides
Marine group A/SAR406 cluster218
OCS154
Genbank accession #AF001640
437 nucleotides
SAR11 cluster; alpha Proteobacteria
OCS155
Genbank accession #AF001652
513 nucleotides
Marine Gram-positive cluster; high G+C Gram-positive phylum
OCS162
Genbank accession #AF001659
1490 nucleotides
Prasinophyceae I lineage; prasinophyte algae plastids
OCS178
Genbank accession #AF001647
505 nucleotides
Type I methylotroph Glade; beta Proteobacteria
OCS180
Genbank accession #AF001642
437 nucleotides
SAR11 cluster; alpha Proteobacteria
OCS181
Genbank accession #U78946
497 nucleotides
Pseudomonas sp.; gamma Proteobacteria
OCS182
Genbank accession #AF001660
1482 nucleotides
Prasinophyceae II lineage; prasinophyte algae plastids